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Abstract
The Bakken Shale samples were analyzed by utilizing several techniques including AFMbased Nano-IR spectroscopy, Rock-Eval 6, XRF, NMR spectroscopy, VRO, and organic
petrography using reflected white light and UV light for understanding chemistry of
organic matter (OM). Organic petrography showed that OM consists of various types of
solid bitumen (SB), matrix bituminite, acanthomorphic acritarch, marine alginite,
micrinite, and inertinite macerals. Liptinite fluorescence color was used to confirm the
thermal maturity level. The results indicate that kerogen is mainly marine Type II. The
original hydrogen index was restored using various mathematical/empirical methods. It
was found that organofacies ‘B’ is the most abundant organofacies present in the Bakken
Shale.
The Bakken was missing an independent correlation of Tmax with VRO. This study showed
that linear trends cannot accurately represent the relationship between these two
parameters, considering the kerogen kinetics and non-linear relationship between
transformation ratio and Tmax. Therefore, a polynomial relationship was proposed to
accurately represent the Bakken Shale maturity. Tmax, liptinite fluorescence, SBRO, and
NMR as thermal maturity indicators were utilized to establish a reliable database to
compare redox-sensitive trace metals (TM) concentration to maturity variations.

xxix

Comparing TMs concentration with TOC confirmed the presence of anoxic/euxinic
conditions in the depositional environment. A relative enrichment in TMs was detected
with all utilized indices, confirming that thermal maturity has played an important role in
TMs concentrations.
OM particles were found that are evolving in-situ into solid bitumen. This in-situ
bituminization allows examination of a continuous transformation in OM molecular
structure at micron-scale using AFM-IR spectroscopy applied at the transition zones. The
OM chemical heterogeneity was examined at the nanoscale. Significant heterogeneity was
observed within unaltered telalginite and bacterial degraded Tasmanites, and also between
two separate solid bitumens that are next to one another and at the same stage of thermal
progression. While thermal maturity progression was found to reduce molecular
heterogeneity in the organic matter particles during the maturation pathway, on the
contrary, during the bacterial degradation, the Tasmanites has lost its fluorescence and the
relative heterogeneity was increased compared to the unaltered telalginite.

xxx
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Introduction
The Bakken Formation in Williston Basin is one of the most prolific unconventional shale
plays in North America which is extended in parts of North Dakota, Montana, and the
Canadian provinces of Saskatchewan and Manitoba. The Bakken Formation consists of
four members; the upper and lower members which are black organic-rich shales and the
middle and pronghorn members, which are comprised of carbonate-rich sandstone and
siltstone. The Pronghorn member is sporadically appearing in parts of the basin and is not
present throughout the whole basin. The Bakken Formation has a maximum thickness of
150 ft. (~50 m) in the central part of the basin without any surface outcrop and all the
studies on this formation are conducted by analyzing drill cuttings and core samples. The
formation is a unique case study for geochemical analysis since all stages of thermal
maturity (from immature to relatively post-mature stages) can be recognized within a single
stratigraphic unit. Regarding the depositional environment, a number of studies have
shown that the shale members of the Bakken Formation were deposited under
euxinic/anoxic conditions in a relatively deep marine environment. In addition, the Bakken
Formation was deposited in a stratified water column in the so-called “Black Shale Sea” of
North America. During this period, the Kellwasser oceanic anoxic event (Latest Frasnian)
led to the accumulation of considerable amounts of organic matter that formed source rocks
with high total organic carbon contents. The above conditions resulted in the oil-prone
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marine Type II kerogen becoming the most abundant organic matter type in the Bakken
with minor contributions from kerogen Type III and IV and bitumen along the shallower
margins of the eastern flank of the basin in North Dakota.
Majority of the studies on this formation have focused on the petrophysical properties of
the middle Bakken, which is the reservoir and the productive zone of the Bakken. Such
studies aimed to demonstrate various methods to increase production from the Formation.
In this regard, studies that would address the upper- and lower-members’ characteristics,
such as constituent organofacies, rock-forming macerals, organic petrology, geochemistry,
and nanoscale chemo-mechanical properties are limited, specifically on the American side
of the basin. This dissertation is focused on organic petrology and geochemical
characterization of the Bakken Shale in two separate scales, the basin-wide scale, and
submicron/nanoscale.

1.1 Organization of the dissertation
This dissertation consists of seven chapters were all are already published or submitted to
peer-reviewed journals and representing the core outcomes of this research except chapters
one and seven that make the introduction and final conclusion. Chapters two to four are
characterizing the organic matter from the mega (basin) scale point of view while chapter
five and six are the submicron/nanoscale characterization of the organic matter. The
following is the outline of this dissertation:
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Chapter 1 describes the problem statement and provides a general introduction for the
dissertation, the main focus areas of the research, and finally, a brief description for each
part of the study.
Chapter 2 is focusing on providing an in-depth understanding of the organofacies present
in the Bakken source rock, in two trends including east-west and north-south. To achieve
this objective, data was acquired and combined from organic petrography and
geochemistry for a better insight into the organic matter characteristics, particularly the
constituent organofacies of the Bakken Formation in the Williston Basin, North Dakota.
This chapter is published in the International Journal of Coal Geology.
Chapter 3 is presenting a new equation for converting Rock-Eval derived Tmax to
equivalent VRO specific to the Bakken based on organic petrology and geochemistry. The
Formation is one of the important source rocks in the North Amerca missing a publicly
available equivalency equation that forcing researchers to adopt other existing models for
vitrinite reflectance-Tmax equivalencies. In this chapter, a single general equation for the
Bakken Formation Shale was presented. The results were compared to the equivalencies
available for the Mississippian Barnett shale in the United States and the Devonian
Duvernay shale in Canada, to evaluate the accuracy of utilizing other equations for the
Bakken Shales. This chapter is published in the International Journal of Coal Geology.
Chapter 4 provides an evaluation of the relationship between thermal maturity and trace
metals variations in the Bakken Shale. This is an attempt to explain the influence of thermal
advance on trace metals concentrations utilizing various thermal maturity indicators
including Rock-eval derived Tmax, liptinite maceral group fluorescence emission, solid
bitumen reflectance, and nuclear magnetic resonance spectroscopy. The existence of all
3
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stages of thermal maturity, from immature to relatively late-mature in the Bakken, provided
the opportunity to examine the effects of thermal maturity evolution on trace metals
concentration. This chapter is submitted to a peer-reviewed Journal.
Chapter 5 is exhibiting a chemo-mechanical snapshot of in-situ conversion of kerogen to
petroleum at the nanoscale. The gradual and continuous chemical and mechanical
variations that developed during the conversion process was mapped by utilizing the AFMNano-IR spectroscopy at the interface/transition zone between Tasmanites (parent
maceral) and in-situ produced solid bitumen. This chapter explains the IR spectra capability
in representing the thermal maturity effect as well as the heterogeneity within a single
organic matter particle, specifically when a single maceral is evolving into solid bitumen.
This chapter is submitted to a peer-reviewed Journal.
Chapter 6 is an effort to utilize the AFM-based Nano-IR spectroscopy to characterize
organic matter heterogeneity in various macerals at different stages of natural thermal
maturity. Samples include solid bitumen and bituminized Tasmanites for the peak mature
stage, and solid bitumen, telalginite, and degraded Tasmanites for the early mature stage.
The outcome demonstrates that there is a significant level of heterogeneity, not only among
these macerals but also within each individual maceral as well. also, in this chapter,
chemical variation between bacterial degradation and natural thermal maturity pathways
were considered. This chapter is submitted to the Journal of Fuel (in press).
Chapter 7 is concluding remarks for this dissertation and draw a pathway and roadmap for
the future studies for organic matter characterization.
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Organofacies study of the Bakken
Formation source rock in North Dakota, USA,
based on organic petrology & geochemistry

Arash Abarghani, Mehdi Ostadhassan, Thomas Gentzis, Humberto Carvajal-Ortiz, Bailey Bubach

Abstract
Samples taken from the upper and lower members of the Bakken Formation in fourteen
wells that were drilled in east-west and north-south trends in the Williston Basin in centralwestern North Dakota were investigated in order to present an overview of source-rock
quality and depositional environment conditions for the main purpose of establishing an
organofacies model. Several techniques such as Rock-Eval 6 pyrolysis, X-Ray
fluorescence elemental analysis, vitrinite reflectance, organic petrography and visual
kerogen assessment using reflected and transmitted white light and UV light microscopy
on whole-rock pellets were combined to draw the best possible conclusions. The results
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indicate that kerogen is mainly marine Type II with increasing in maturity towards the
central and SW portions of the basin. Detailed organic petrography of the samples showed
that solid bitumen, amorphous matrix bituminite, granular bitumen, alginite, acritarchs, and
liptodetrinite are the most abundant macerals. In order to properly determine the Bakken
organofacies, the original hydrogen index (HIO) was restored using various mathematical
models and empirical methods. The mathematically restored HIO of the samples (HIOCalculated)

was then compared to the HI values from thermally immature samples (Tmax <

435°C, here interpreted as HIO) for further verification. Although the agreement between
the Rock-Eval pyrolysis HIO and the HIO-Calculated by the two mathematical equations was
excellent, the VKA-derived HIO values were underestimated by about 125 mg HC/g TOC.
In the next step, the above parameters were integrated to identify the organofacies based
on three different models. It was found that organofacies B is the most abundant
organofacies present in the Bakken source rock. Furthermore, elemental analysis reflected
a high concentration of "strong euxinic affinity" trace elements such as Mo, V, and Zn,
representing an anoxic/euxinic depositional environment condition for the Bakken Shale.
Keywords: Bakken Shale, Organofacies, Organic Petrology, Original Geochemical Properties, Rock-Eval
pyrolysis

2.1 Introduction
The Bakken petroleum system in Williston Basin is one of the most important
unconventional shale plays in North America. The Late Devonian to Early Mississippian
Bakken Formation is a widespread clastic formation and occupies portions of North
Dakota, Montana, and the Canadian provinces of Saskatchewan and Manitoba. The Bakken
8

Chapter 2

Formation consists of four members; the upper and lower members which are black
organic-rich shales and the middle and pronghorn members, which are comprised of
carbonate-rich sandstone and siltstone (LeFever et al., 1991; LeFever, 2008; Bottjer et al.,
2011; Johnson, 2013; Theloy et al., 2017). In North Dakota, the upper, middle, and lower
members of the Bakken Formation have an onlap truncation pattern with surrounding
sediments and each member has more extensive spread than the older one. The onlapping
geometry of the members could have occurred due to a transgression of the Late DevonianEarly Mississippian Sea (Webster, 1984; Meissner, 1991). However, the Pronghorn
member is sporadically appearing in some parts of the basin. The Bakken Formation is
underlain by the Three Forks Formation and is overlain by the Lodgepole Formation
(Figure 2-1). This succession creates the Bakken Petroleum System. This system is
characterized by low porosity and permeability reservoirs, organic-rich source rocks, and
a regional hydrocarbon charge (Sonnenberg and Pramudito, 2009).
Conodonts, Tasmanites algae, amber-colored spores, small cephalopods, ostracodes, small
brachiopods, and also fish remains are the most abundant fossil assemblages of the Bakken
(Wall, 1962; Hayes, 1985). Presence of the mentioned fauna and flora assemblages, as well
as the planar and thin laminations in the Bakken Shale, indicate that deposition has taken
place in very low energy water conditions. The very high concentrations of organic matter
and pyrite in the lower and upper Bakken represent a reducing, deep stratified, and anoxic
depositional environment while the middle Bakken was deposited in well-oxygenated
water (LaFever, 1991). The concept of the Devonian-Mississippian "Black Shale Sea" of
North America (Ettensohn and Barron, 1981) and also a stratified water column in the
Williston Basin during Bakken deposition (Lineback and Davidson, 1982) is confirmed by
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the presence of nectonic (fish, cephalopods, and ostracodes), planktonic (algal spores), and
epiplanktonic (inarticulate brachiopods) fossil fauna abundance (Webster, 1984).
The Bakken Formation has a maximum thickness of 150 ft. (~50 m) in the central part of
the basin without any surface outcrop (LeFever et al. 1991). The formation is a unique case
study for geochemical analysis since all stages of thermal maturity (from immature to
relatively post-mature stages) can be recognized within a single stratigraphic unit (Webster,
1984). The upper and lower shales of the Bakken consist mostly of hard, brittle, waxylooking black shale, having a very dark brown color. The upper shale mostly consists of
organic matter with lesser amounts of clay, silt, and dolomite grains whereas the lower
shale member appears to become less organic-rich and more-clayey, silty, and dolomitic
(Meissner, 1991).

Figure 2-1. Stratigraphic column of the Bakken Formation in Williston Basin, North Dakota (modified from Sonnenberg
and Pramudito, 2009; Kuhn et al., 2010).
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Majority of the studies on this formation have focused on the petrophysical properties of
the middle Bakken, which is the reservoir and the productive zone of the Bakken Formation
(Zeng and Jiang, 2009; Havens and Batzle, 2011; Sayers and Dasgupta, 2014; Alexeyev et
al, 2017). Such studies aimed to demonstrate various methods to increase production from
the Formation (Chen and Wang, 2012; Wilson, 2014; Ruhle, 2016). In this regard, studies
that would address the upper- and lower-members’ characteristics, such as constituent
organofacies or rock-forming macerals, are limited, specifically on the American side of
the basin. Because of the importance to gather more information on the geochemical
behavior of the Bakken, the focus of this study was directed toward an in-depth
understanding of the organofacies present in the Bakken source rock, in two trends
including east-west and north-south (Figure 2-2). To achieve this objective, we acquired
and combined data from organic petrography and geochemistry to provide a better insight
into the organic matter characteristics, particularly the constituent organofacies of the
Bakken Formation in the Williston Basin, North Dakota.

2.2 Materials and methods
A total of forty-four samples were studied by combining a variety of analytical equipment
and techniques. Samples were selected from the upper and lower members of the Bakken
Formation. They were sampled from fourteen separate wells from different parts of the
basin (Figure 2-2). General description of the selected samples for detailed organic
petrology studies, including depths, are summarized in Table 2-1. Samples were analyzed
by Rock-Eval 6 pyrolysis to determine kerogen types and hydrocarbon generation
potential. To fulfill this goal, approximately 60 mg of washed and ground bulk samples
11

Chapter 2

were used. After 3 minutes of isothermally heating the sample in the pyrolysis chamber in
an inert N2 atmosphere, the temperature was increased with a rate of 25˚ C/min up to 650˚
C. Residual carbon from the previous steps (pyrolysis stage) was burnt in the oxygen oven
during the oxidation stage. By measuring the amount of hydrocarbons, CO, and CO2 as the
byproducts of thermal cracking of organic matter, specific parameters were recorded
during a full-cycle of Rock-Eval pyrolysis using the IFP’s trademarked Basic/Bulk-Rock
method (Table 2-2). All samples were analyzed un-extracted. For more details about the
procedures, please refer to Behar et al., (2001) and Carvajal-Ortiz and Gentzis (2015).

Figure 2-2. (A) Study area location map in North Dakota portion of the Williston Basin, and (B) wells location.

TOC (wt.%), representing organic richness, S1 an S2 (mg HC/g Rock), free oil content and
remaining hydrocarbon potential, respectively, and Tmax (˚C) as an indicator of thermal
maturity are the main outcomes of geochemical analysis by RockEval pyrolysis. Using
these parameters, other indices can be calculated such as: HI (S2×100/TOC), OI
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(S3×100/TOC). The full description of the pyrolysis procedure and the resulting parameters
can be found in Behar et al., (2001).
Furthermore, the samples were investigated for VRO-Eq (%) to provide additional
information about the maturity levels of the organic matter (Table 2-2). Vitrinite
reflectance (VRO) and UV light analysis (fluorescence) was performed using a Zeiss Axio
Imager A2M microscope under TSOP/ICCP protocols and suggested procedures with a
sapphire and a YAG (Yttrium-Aluminum-Garnet) standard of 0.47% RO and 0.97% RO,
respectively. For organic petrography under incident light microscopy, polished epoxymounted whole-rock blocks were prepared after crushing the samples to 840 µm. The
blocks (pellets) were grinded using a set of 600 and 400 grit polishing cloths and then
polished using 0.3 and 0.05 µm alumina powder via an automated Buehler
EcoMet/AutoMet 250 system. Measurements were based on Bitumen RO (%) and were
converted to vitrinite RO-equivalent using the Jacob (1985) formula:

=

× 0.618 + 0.4

(Eq.2-1)

Where Rvit is the percentage of vitrinite reflectance and Rbit is the percentage of bitumen
reflectance. The corresponding results are found in Table 2-2. Thirty samples were selected
for the major and trace element analysis using X-Ray fluorescence (XRF). 10 gr of each
sample were grinded and prepared as pressed powder disks in a Supermini 200 XRF
instrument. The detailed elemental analysis data for six trace and major elements are shown
in Table 2-3.
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Table 2-1. Selected samples for organic petrology studies, depth, and general description.
Well

Sample

Formation/Member

2

1

Lower Bakken

5438

Black, hard, pyritic, no fluorescence

4

1

Upper Bakken

8325

Gray, dark gray, hard, carbonaceous

1
2

9

Depth (ft.)

Sample General Description

10433
Upper Bakken

10435.7

3

10436.4

4

10527

5

10541

Black to dark brownish gray, sub fissile,
hard, carbonaceous, bright spotted white
to greenish purple fluorescence, partly
siltstone.

Lower Bakken
6

10547

7

10555

1

11158

2

Upper Bakken

11159

3

11162

4

11201

11
5
6

Lower Bakken

11203
11205

14

Bulk, dark brown, dark gray, platy, fissile,
hard, carbonaceous, brittle, dull yellow
fluorescence, fast streaming thin yellow
cut.
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Table 2-2. Geochemical parameters, bitumen reflectance, and vitrinite RO-equivalent using Jacob (1985).
Well

1

Member

S1

S2

Tmax

TOC

HI

BRO

VRO-Eq

(ft.)

mg HC/g

mg HC/g

°C

wt%

mg HC/g TOC

%

%

3774

0.62

21.58

420

3.53

611

0.38

0.63

3785

3.78

78.53

410

14.93

526

0.37

0.63

5438

7.97

128.71

419

24.71

521

0.35

0.62

5996

5.58

89.6

425

16.29

550

0.47

0.69

5999

3.28

36.02

426

7.33

491

0.53

0.73

8325

8.27

90.69

428

16.27

557

0.44

0.67

7337.5

4.01

56.9

438

12.1

470

0.51

0.71

7342.7

6.41

47.13

437

10.86

434

0.51

0.71

7419

7.83

73.33

435

17.13

428

0.52

0.72

7431.1

7.13

56.35

435

13.06

431

0.52

0.72

7625.5

4.68

82.93

436

17.82

465

0.47

0.69

7631

5.06

102.15

431

21.22

481

0.43

0.67

7707.2

4.01

57.43

437

14.65

392

0.44

0.67

7718.6

3.88

67.15

435

14.01

479

0.43

0.66

8203.2

6.65

102.81

431

18.07

569

0.47

0.69

8207.5

8.76

116.98

425

20.98

558

0.47

0.69

8279

6.01

65.00

431

13.17

494

0.44

0.67

8291.7

6.41

81.60

431

14.61

559

0.44

0.67

8987.5

2.72

24.06

435

6.09

395

0.46

0.68

8995.5

5.96

63.56

434

14.03

453

0.50

0.71

10433

0.30

32.95

448

11.92

276

0.74

0.86

10435.7

0.38

47.25

447

14.93

316

0.77

0.88

10436.4

0.31

33.01

447

12.69

260

0.76

0.87

10437

7.64

46.79

450

13.39

349

0.85

0.93

10527

0.37

45.02

448

16.66

270

0.83

0.91

10535

4.99

44.21

447

15.12

292

0.74

0.86

10541

0.21

28.49

448

11.16

255

0.81

0.90

10547

0.69

33.21

448

13.13

253

0.74

0.86

L. Bakken

2

L. Bakken

3

U. Bakken

4

Depth

U. Bakken
U. Bakken

5
L. Bakken

U. Bakken
6
L. Bakken

U. Bakken
7
L. Bakken

8

L. Bakken

U. Bakken

9

L. Bakken
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10

L. Bakken

U. Bakken

10555

0.40

34.08

449

13.26

257

0.72

0.84

10565

7.46

18.01

445

8.65

208

---

---

9886

9.27

83.70

432

15.76

531

0.49

0.70

11158

0.32

21.81

452

12.31

177

0.99

1.01

11159

0.34

15.99

453

9.34

171

0.94

0.98

11162

0.23

18.30

451

10.42

176

0.98

1.01

11201

0.71

28.05

452

16.36

171

1.00

1.02

11203

0.27

13.74

451

9.08

151

0.95

0.99

11205

0.46

14.77

451

9.77

151

0.92

0.97

9447.5

8.26

74.92

426

12.66

592

0.47

0.69

9453.5

7.38

90.98

424

14.80

615

0.42

0.66

9503.5

7.52

97.52

425

17.32

563

0.44

0.67

9507.1

7.62

113.05

422

19.78

572

0.25

0.56

10725.5

6.13

13.94

450

9.04

154

1.04

1.04

9670.4

4.77

61.12

429

11.11

550

0.48

0.70

9673.3

3.93

33.08

428

6.99

473

0.46

0.68

11
L. Bakken

U. Bakken
12
L. Bakken
13

U. Bakken

14

U. Bakken

Table 2-3. Elemental analysis results for Al, Mo, V, Zn, Ni, and Cu.
Sample Depth

TOC

Al

Mo

V

Zn

Ni

Cu

(ft.)

(wt.%)

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

3774

3.53

51010

---

68

15

38

38

3785

14.93

41729

265

738

1405

385

60

5996

16.29

48292

77

2169

26

420

123

5999

7.33

56292

6

910

28

144

266

7337.5

12.1

50395

60

1037

19

277

112

7342.7

10.86

20529

143

466

1910

293

54

7419

17.13

42947

308

774

118

388

64

7431.1

13.06

50366

216

242

20

266

75

7625.5

17.82

47501

250

1536

1511

460

102

7631

21.22

35737

373

1405

578

542

106

7707.2

14.65

46339

286

830

246

370

64

Well

1

3

5

6
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7718.6

14.01

53674

246

250

23

290

71

8203.2

18.07

54201

73

1013

18

264

105

8207.5

20.98

38692

225

765

368

389

111

8279

13.17

40046

308

868

107

316

47

8291.7

14.61

43977

279

609

60

305

63

8987.5

6.09

17138

133

406

11

168

30

8995.5

14.03

33847

238

532

321

262

51

10433

11.92

80512

189

1475

---

450

84

10527

16.66

62515

1111

1460

246

470

123

10541

11.16

43538

286

386

68

441

153

10547

13.13

58160

288

---

64

683

125

11159

9.34

52737

799

2554

2276

373

100

11162

10.42

42223

656

1074

475

332

83

9447.5

12.66

39383

33

217

87

114

70

9453.5

14.8

37674

325

686

28

315

48

9503.5

17.32

39530

372

733

69

335

54

9507.1

19.78

49270

384

868

1099

417

80

9670.4

11.11

49829

101

284

94

309

73

9673.3

6.99

59785

124

192

159

298

51

7

8

9

11

12

14

2.3 Results and discussion
The Bakken Formation is one of the most important source rocks for hydrocarbon
generation in the Williston Basin (Meissner, 1991; LeFever et al., 1991). Therefore, we
directed the objective of this study towards understanding and comparing source rock
quality and organofacies in two different trends: east-west and north-south of the basin
with a significant depth difference for the Bakken formation (Figure 2-2).
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2.3.1 Source rock potential and quality
Different methods have been suggested to determine the source rock potential and quality
(Tissot and Welte, 1978; Hunt, 1979; Jackson et al., 1980; Espitalie et al., 1985; Peters,
1986; Langford and Blanc-Valleron, 1990; Bordenave, 1993; Peters and Cassa, 1994;
Burwood et al., 1995; Dyman et al., 1996; Lafargue et al., 1998; Petersen and Nytoft, 2006;
Dembicki, 2016). TOC measures the quantity of the dispersed organic matter in the rock.
Measured TOC represents a combination of both generative (live) and non-generative
(inert) carbon. Also, TOC decreases as the organic matter becomes increasingly mature
(Dembicki, 2016). The average TOC for the studied samples was approximately 13.56
(wt.%), therefore, it is considered to be a “very good” source rock from the richness point
of view (TOC > 2%; Peters, 1986). In the Bakken samples studied, the TOC (wt.%) varied
from 3.53 to 24.71 (wt.%). This discrepancy in average TOC (wt.%) between samples is
the result of increasing thermal maturity in the deeper part of the basin. As hydrocarbons
are generated and expelled, TOC in source rocks decreases because of a reduction in the
generative (live) carbon fraction of TOC (Daly and Edman, 1987; Dembicki, 2016).
Recent evaluation methods consider the S2 parameter as the principal source richness
indicator. Additionally, the S2 parameter, when used in combination with TOC in a crossplot, provides valuable data for source rock quality interpretation (Dembicki, 2016), Figure
2-3. This diagram indicates that the Bakken Formation is mostly a “very good” to
“excellent” source. The S2 (mg HC/g) has a range from 13.74 to 128.71 (mg HC/g) with
an average value of 56.51 (mg HC/g).
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Figure 2-3. S2 versus TOC for source rock quality identification (after Peters, 1986).

The source rock total hydrocarbon generation potential is represented by S1+S2 and while
a source rocks which yields more than 6 mg HC/g is considered to have a “good” to
“excellent” source potential (Tissot and Welte, 1978; Dyman et al., 1996; Saberi et al.,
2016). The S1+S2 (mg HC/g) varies from 14.01 to 136.68 (mg HC/g) with an average value
of 60.81 (mg HC/g).
A simple approach to investigate the quality of any source rock is to utilize its hydrogen
index (HI) (Dembicki, 2016). This index is defined as the ratio of S2×100/TOC and can
provide useful data when combined with other geochemical parameters, such as TOC. HI
(mg HC/g TOC) was measured from 151 to 615 (mg HC/g TOC) with an average value of
401 (mg HC/g TOC). HI values in the samples studied lay in the range of values that are
characteristics of oil-prone and oil/gas-prone source rocks (150<HI<300 and HI>300,
Peters, 1986; Dembicki, 2016). Considering the HI versus TOC plot in Figure 2-4, most
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samples are located in the “Fair oil source” and “Good oil source” regions. This is the result
of the reduction of HI with an increase in thermal maturity and hydrocarbon generation.
It should be mentioned that rating the source rock by using cross-plots provides only a
general overview of the quality of source rocks and their potential to generate
hydrocarbons. Therefore, these results should be confirmed by thermal maturity data and
other analytical methods including organic petrography using reflected and transmitted
light microscopy (Jackson et al., 1980; Saberi et al., 2016; Dembicki, 2016).

Figure 2-4. HI versus TOC for source rock quality identification (after Jackson et al., 1980).
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2.3.2 Kerogen type and thermal maturity
The plot of HI versus Tmax (Figure 2-5) demonstrates that all samples are following along
the kerogen Type II maturity trend and in the “Pre Oil-Window” and “Oil Window”
regions. Tmax values are varying from 410 to 453 ˚C (Table 2-2, Figure 2-5). Peters (1986)
suggested that pyrolysis derived maturity should be supported by other methods, such as
petrographic investigations. This is because of the dependency of the Tmax value on other
parameters, such as sulfur content (accelerating maturation and petroleum generation by
cleaving the weak carbon-sulfur bonds; Orr, 1986; Bolin et al., 2016), type of the organic
matter (Saberi et al., 2016), and mineral matrix (retention of hydrocarbons by the mineral
matrix, especially when the matrix is clay-rich; Sari et al., 2015). Petrographic studies
revealed that most of the organic matter in the Bakken Formation consists of amorphous
kerogen under transmitted white light (Liu et al., 2018). Additionally, whole-rock
microscopic analysis under reflected white and UV light has shown the occurrence of the
oil-prone marine kerogen Type II of planktonic algal origin (Barker and Price, 1985;
LeFever, 1991; Stasiuk et al., 1991). Vitrinite RO-Eq values varied from 0.56 to 1.04%.
VRO data are in good agreement with the thermal maturity interpretation based on the Tmax
values (Figure 2-6).
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Figure 2-5. HI versus Tmax for kerogen type identification (modified after Tyson, 1995).
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Figure 2-6. The observed relationship between VRO% and Tmax (modified after Espitalie et al., 1985; Dembicki, 2016).

2.3.3 Calculating original parameters and organofacies
The term “Organofacies” was defined by several authors and in many different ways
(Rodgers, 1979; Cornford et al., 1980; Jones and Damaison 1980; Habib 1982; Powell
1988; Jones 1987; Tyson 1995; Peters and Cassa 1996; Mendonça Filho et al., 2011; 2012).
For instance, Rodgers (1979) defined the term organic facies for the first time as “the
organic matter content (primarily type, less frequently amount), its source and the
depositional environment”. Cornford et al., (1980) used a combination of organic
characteristics by organic petrography and geochemistry for identifying organofacies.
Jones and Damaison (1980) defined organofaceis as a detectable subdivision of a certain
stratigraphic unit based on the organic constituents and disregarding non-organic content
fraction of the sediment. Habib (1982) mostly emphasized on the palynological study
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aspect of the organic matter for the purpose of organofacies determination. Powell (1988)
defined the concept of “depositional control” and the effect of depositional
paleoenvironment conditions like pH, alkalinity, oxygenation, and salinity on the
composition of the organic matter. He also used the effect of the nature of primary rockforming biomass in his definition for organofacies classification (Mendonça Filho, J.;
personal communication, ResearchGate, 2014). The most classical study was developed
by Jones (1987) (Figure 2-7). In this model, seven organic facies were defined based on
their generating capacity for petroleum, including pyrolysis-derived geochemical
parameters and H/C ratio at RO=0.5% (Table 2-4).

Table 2-4. Some generalized geochemical and microscopic characteristics of organofacies A-D (modified from Jones,
1987).

Organofacies

H/C at %Ro=0.5

HI

OI

Dominant Organic Matter

> 1.45

> 850

10 – 30

Algal; Amorphous

AB

1.35 – 1.45

650 – 850

20 – 50

Amorphous; Minor Terrestrial

B

1.15 – 1.35

400 – 650

30 – 80

Amorphous; Common Terrestrial

BC

0.95 – 1.15

250 – 400

40 – 80

Mixed; Some Oxidation

C

0.75 – 0.95

125 – 250

50 – 150

Terrestrial; Some Oxidation

CD

0.60 – 0.75

50 – 125

40 – 150+

Oxidized; Reworked

< 0.60

< 50

20 – 200+

Highly Oxidized; Reworked

A

D
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Figure 2-7. Schematic illustration of Jones organofacies types and their depositional environment conditions (modified
from Wrolsen and Bend, 2012).

Jones (1987) employed Rock-Eval derived geochemical parameters such as HI, OI, and
TOC for the classification of organofacies. He suggested that Rock-Eval derived data are
accurate enough to establish an organofacies model for practical exploration purposes and
argued that high precision is not necessary. Although the elemental analysis is relatively
expensive, time-consuming, and needs special sample preparation in order to extract the
kerogen from the samples, Jones (1987) believed that elemental analysis of the organic
matter, such as the H/C ratio is the final arbitrator and the cornerstone of the definition of
different organic facies. Finally, he argued that each Rock-Eval based organofacies model
should be confirmed by occasional H/C analysis or petrographic studies. To conclude, we
combined petrographic properties of the dispersed organic matter (macerals) with pyrolysis
data to construct a reliable organofacies model for the studied trends in the Williston Basin
in central-western North Dakota.
We decided to use and compare various models to carry out an identification of
organofacies of the Bakken Formation source, including the Jones (1987), the BP (Pepper
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and Corvi, 1995), and the Tyson (1995) models. Organic facies must reflect the original
geochemical parameters in the deposited organic matter and not the current state. In order
to obtain the original organic facies, extracted HI values from Rock-Eval pyrolysis should
be restored to the original values (HIO).
There are several approaches to calculate the original hydrogen index. Among these
methods, some suggest that HIO could be calculated based on mathematical manipulations
(e.g., Banerjee et al., 1998; Chen and Jiang, 2015). Others have proposed to utilize HI
values of immature samples, that have similar organofacies with the samples that are being
investigated, or to use regional immature values of that particular formation (e.g., Dahl et
al., 2004; Peters et al., 2005; Jarvie, 2007; 2012). Banerjee et al., (1998) used a
mathematical method to restore the original hydrogen index. In this method, the
relationship between the Rock-Eval derived HI and Tmax is expressed by the following
equation:

=

)]

× [ ×(

(Eq.2.2)

Where HIX is the present-day hydrogen index, ‘a’ and ‘b’ are constants and will be
calculated by fitting the above relationship as a non-linear regression to the HI vs Tmax
cross-plot, and ‘c’ is 1/HIO. These constants are unique for each kerogen type in a source
rock, and generally describe the reduction rate of HI with respect to Tmax (Banerjee et al.,
1998). The constants, ‘a’ and ‘b’ in the above equation are determined as 1.91 × 10-4 and
0.1925, respectively, by Banerjee et al., (1998) for kerogen Type II (Bordenave, 1993).
Since the immature Bakken samples contain mainly Type II marine organic matter, we
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applied a similar methodology and fitted the curve to our data to derive the constants for
our Bakken samples through a non-linear regression. This resulted in ‘a’ and ‘b’ values of
4.657 x 10-4 and 0.1239, respectively (Figure 2-8). It should be emphasized that drawing a
strong conclusion based on this method requires a large number of samples. However, we
believe the trend that is observed in our data would allow us to take advantage of this
mathematical method by fitting a trend line to adjust the original HI.

Figure 2-8. HI vs Tmax cross-plot and ﬁtted trend line based on Equation 2.

Based on this method, the original HI for the Bakken source rock was calculated to be 585
(mg HC/g TOC). Chen and Jiang (2015) argued that Banerjee et al., (1998) did not discuss
the application of their mathematical equation in the kinetics characterization of
hydrocarbon generation and suggested an improved mathematical correlation. In their
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model, a complete set of data in the oil generation window was used to establish a reliable
relationship. Notwithstanding the requirement to have a large number of samples, we
attempted to examine whether the Chen and Jiang (2015) equation would be applicable
when only a limited data set is available. In this method HIO can be obtained
mathematically through the following relationship:

=

1−

[ (

) ]

+

(Eq.2.3)

Where β and θ are unknown parameters speciﬁc to kerogen kinetics, and constant ‘c’ is an
indicator for the magnitude of error in the measured HIX at very high Tmax values. By fitting
Equation 3 through the Rock-Eval derived data for HI and Tmax, it is possible to calculate
optimal amounts for HIO, β, θ, and ‘c’ and then characterize the history of hydrocarbon
generation. Chen and Jiang (2015) discussed that the data-driven models could provide
valuable information about the kinetics of different types of kerogen and are comparable
to kinetic models derived from laboratory tests. For instance, parameter β is interpreted as
the temperature at which the massive generation of hydrocarbon begins and parameter θ
shows the hydrocarbon generation window's width and also the variation in maceral types.
Applying this method to our Bakken data, the β and θ parameters obtained were 441.1 and
-36.7, respectively. Since the highest observed Tmax in our samples was 453 ˚C, it would
not be incorrect to assume a constant c equal to 0, Figure 2-9. Again, it is noteworthy that
all of the aforementioned methods are mathematical manipulations of fitting a curve to a
large dataset. Thus, applying the above equation to a small number of samples, as in this
study, should be treated with caution.
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Figure 2-9. HI vs Tmax and ﬁtted model based on Equation 3.

Based on the Chen and Jiang (2015) equation, the original HI for the Bakken source rock
was estimated to be 565 (mg HC/g TOC). Therefore, based on both the above models, it is
possible to assume an HI of about 565 – 585 (mg HC/g TOC) as an original hydrogen index
for the Bakken Shale. Once the original HI is obtained, it can be used to calculate the
fractional conversion ( ) or transformation ratio (TR) of kerogen to hydrocarbon using the
following equation (Peters et al., 2005):

= 1−
Where

×{

}

×{

}

(Eq.2.4)

is the fractional conversion of kerogen to petroleum; HIx and HIO represent

present-day and original HI, respectively; Plx and PlO are present-day and original
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Production Index [PI=S1/(S1+S2)], respectively; 1200 is the maximum amount of
hydrocarbons that could be formed (assuming 83.33% carbon atoms in a hydrocarbon
molecule); and PlO is assumed to be 0.02 for immature source rocks (Peters et al., 2005).
When fractional conversion and original HI are known, the original TOC (TOCO) is
estimated based on Equation 5 from Peters et al., (2005):

=

.
[

(

) ×(

×(

×

)
) (

.

×

)]

(Eq.2.5)

Where TOCx represents present-day TOC value. Once the original TOC is obtained, the
original S2 parameter can be calculated based on Equation 6 from Dahl et al, (2004):

=

(

)

(Eq.2.6)

Where S2x represents present-day S2 and TR is the transformation ratio (TR) of kerogen to
hydrocarbon and is equivalent to .
Analysis of immature samples is an approach to get a better insight into the original
geochemical characteristics of the source rock (Jarvie, 2007; 2012). Jarvie et al., (2007)
presented a method for determining the original hydrogen index based on visual kerogen
assessment. This model (Jarvie’s Barnett Model) determines maceral percentages and is
expressed as:
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=

%

× 750 +

%

× 450 +

%

× 125 +

%

× 50

(Eq.2.7)
Based on the visual kerogen assessment (VKA) analysis that was performed on the
samples to estimate the relative proportions of different types of organic matter, it was
found that the Bakken consists mostly of kerogen Type II (95%) and Type IV and bitumen
(5%). Thus, using the Jarvie (2012) equation, the original HI should be about 434 (mg
HC/g TOC). However, Jarvie’s Barnett model is meant to be used on immature samples.
Immature (low-maturity) Bakken consists of matrix bituminite, hebamorphinite, and
fluoramorphinite, in combination with amorphous organic matter (AOM) and structured
marine planktonic organisms (dinoflagellates, acritarchs and terrestrial spores). The latter
belong to the liptinite group of macerals, which means that the immature Bakken samples
in this study are comprised almost exclusively (99%) of Type II kerogen. Re-calculating
HIO provides a value of approximately 447 mg HC/g TOC, which is very close to 475 mg
HC/g TOC, which is equal to the P50 value of the HIO calculated for worldwide marine
source rocks (Jarvie, 2012). Although the estimated HIO, based on the Jarvie (2012) model
for the Barnett (447) is less than the mathematically driven HIO (565–585), when
considering the Rock-Eval 6 pyrolysis data of our most immature samples, it would be
reasonable to accept 550 (mg HC/g TOC) as the correct HIO for the Bakken.
Based on the Jones (1987) model, each organofacies could be determined by HI, OI and
TOC contents. For the purpose of identification of the Bakken Formation organofacies, HI
and TOC values were used and cross-plotted on HI versus TOC diagrams (Figure 2-10). It
was found that all immature samples in our study which could be assumed to have the
original HI, are located in organofacies B and equivalent regions in Figure 2-10.
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Organofacies B is recognized as the most widespread and abundant type of organic facies
in most of the world's source rocks. Few examples include the Kimmeridgian of the North
Sea and offshore NE Newfoundland, Canada; the Miocene-age Monterey Formation,
Western California; the Lower Cretaceous “Pebble Shale,” Arctic Alaska, and the Marine
Phosphoria Formation of Permian age in Wyoming and Montana (Jones, 1987).
Organofacies B consists dominantly of amorphous kerogen made up of the common marine
and terrestrial primary organisms, such as Tasmanites alginite but also of non-marine
(lacustrine) algae and associated bacteria (Figure 2-14 and Figure 2-15). The depositional
environment of organofacies B is characterized by marine or lacustrine anoxia and
transgressive seas with shallow-medium water column depth. The most likely product of
this type of organofacies is liquid hydrocarbons (oil) (Jones, 1987; Stasiuk et al., 1991).

Figure 2-10. Cross-plot HI versus TOC for organofacies recognition (modified from Jones, 1987).
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The BP (Pepper and Corvi, 1995) and Tyson (1995) models were also used and compared
with Jones (1987) organofacies model. Pepper and Corvi (1995) used kerogen types,
principal biomass, sulfur content, depositional and age association to define six
organofacies in their model (Table 2-5). The BP model enables to predict the expelled
hydrocarbon types and also correlate kerogen types to sedimentary environments (Figure
2-11). In addition, the BP model indicated that organofacies can also be correlated to
kerogen types through the French Institute of Petroleum classification system (Table 2-5)
(Evenick and McClain, 2013).

Table 2-5. BP organofacies and key descriptive characteristics and corresponded IFP types (modified from Pepper and
Corvi, 1995).

Descriptor

Principal
biomass

Sulphur
incorporation

Environmental/age
association

IFP
classification

Aquatic, marine,
siliceous or
carbonate/evaporite

Marine algae,
bacteria

High

Marine, upwelling
zones, clastic-starved
basins (any age)

Type II - S

Aquatic, marine,
siliciclastic

Marine algae,
bacteria

Moderate

Marine, clastic basins
(any age)

Type II

C

Aquatic, nonmarine, lacustrine

Freshwater
algae,
bacteria

Low

Tectonic non-marine
basins; minor on
coastal plains
(Phanerozoic)

Type I

D

Terrigenous, nonmarine, waxy

Higher plant
cuticle, resin,
lignin;
bacteria

Low

Ever-wet coastal
plains (Mesozoic and
younger)

Type III

Terrigenous, nonmarine, waxy

Higher plant
cuticle, resin,
lignin;
Bacteria

Low

Ever-wet coastal
plains (Mesozoic and
younger)

Type III

Terrigenous, nonmarine, wax-poor

Lignin

Low

Coastal plains (Late
Paleozoic and
younger)

Type III / IV

Organofacies

E

F

Gas Prone

B

Oil Prone

A

33

Chapter 2

Organofacies A, B, and C are oil-prone, and all belong to aquatic environments, while
organofacies A (Carbonate-rich) and B (Siliciclastic-rich) occur in marine and C primarily
non-marine and lacustrine basins. Gas-prone organofacies D, E, and F belong to the nonmarine environment and rich in terrigenous organic matter biomass. Organofacies D and E
become abundant in fluvial, deltaic, coastal plain and nearshore, whereas organofacies F is
a typical organofacies associated with humic coal formation environments (Pepper and
Corvi, 1995; Evenick and McClain, 2013).

Figure 2-11. BP organofacies model, sedimentary environment and expelled products for organofacies B. TOC, total
organic carbon; HI, hydrogen index; TI, transformation index; GOGI, gas and oil generation index (modified from
Evenick and McClain, 2013).
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Considering the above parameters, it is evident that the samples of this study belong to
organofacies B in the BP model. As we discussed earlier, kerogen Type II is the most
abundant type in the immature Bakken samples of this study (Gentzis et al., 2017; Khatibi
et al., 2018). Also, the Bakken shale is deposited in a marine clastic basin (LeFever et al.,
1991; LeFever, 2008) with principal biomass assemblages like marine algae that will be
discussed in the next section in detail. The sulfur content of the Bakken crude oil is reported
to be low to moderate (0.1 wt.%; Auers et al, 2014).
Tyson (1995) presented a different organofacies classification model, which is very similar
to Jones (1987) from a geochemistry point of view. He included a few additional
characteristics of kerogen palynofacies parameters, such as AOM (amorphous organic
matter) and matrix fluorescence, prasinophytes, phytoclasts, and opaque translucent
phytoclasts (Table 2-6). The Tyson (1995) model also predicts organofacies B for the
Bakken source rock.
Table 2-6. Some selected palynofacies, kerogen parameters, geochemical characteristics and environmental factors
(modified from Tyson, 1995).

Organic Facies
A
AB
B
BC
C
CD
D
% AOM of Kerogen
dominant
mod
usually low/absent
AOM matrix fluorescence
highest
mod-weak
weak
usually absent
% Prasinophytes of plankton
highest
mod
rare
usually very rare
% Phytoclasts of kerogen
low (dilution)
low
usually dominant
Opaque: translucent phytoclasts
often high
usually low
Increases
Geochemical characteristics (for immature sediments)
Hydrogen index
≥ 850
≥ 650
≥ 400
≥ 250
≥ 125
50-125
≤ 50
Kerogen type
I
I/II
II
II/III
III
III/IV
IV
TOC%
5-20+
3-10+
3-3+
≤3
< 0.5
Environmental factors
Proximal-distal trend
Distal
Proximal
Distal
Oxygen regime
anoxic
anoxic-dysoxic
oxic
v.oxic
Sediment accumulation rate
Low
Varies
High
Mod
Low

A clear advantage of this model is because it considers kerogen properties, exclusively, to
classify organofacies. In our samples, the % of amorphous kerogen (AOM) is found to be
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high based on a recent study using transmitted white light (Gentzis et al., 2017). Light
microscopic (LM) and incident UV analyses inferred a kerogen quality of Type II
dominated by more than 95% of AOM. However, in most cases, amorphous kerogen
cannot be related to a specific biological origin while the amount of prasinophytes of
planktonic origin was found to be low to moderate (Figure 2-14). The reason for such an
accumulation of this “very good” to “excellent” source rock could possibly be linked to the
remarkable anoxic conditions that characterizes the Late Devonian (latest Frasnian)
Kellwasser oceanic anoxic events (Joachimski et al., 2002; Ma et al., 2016; Gentzis et al.,
2017), which is also confirmed by trace element analysis in a section later in this study.

2.3.4 Optical microscopy
As mentioned earlier, geochemical analysis results particularly Rock-Eval pyrolysis must
be confirmed by detail petrographic studies of dispersed organic matter for accurate
identification and classification of the organofacies. Organic petrology considers several
fundamental parameters including the nature of the organic matter in terms of the macerals
or maceral groups (Suárez-Ruiz et al., 2012). A detailed petrographic study of samples
from Well #9 shows that they consist mainly of the following organic matter types: solid
bitumen, lower-reflecting hydrogen-rich bitumen, granular bitumen, amber-colored
migrabitumen probably generated from algal matter, amorphous matrix bituminite
(hebamorphinite and fluoramorphinite), unicellular marine alginite (Tasmanites,
Leiosphaeridia, and other prasinophytes), unstructured algal fragments, acanthomorphic
acritarchs, liptodetrinite, inertinite and minor zooclast-like fragments (some of which were
partially replaced by pyrite), and a number of large and loose organic grains (Figure 2-12).
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Alginite has dull-yellow fluorescence color under UV light (Figure 2-12, G and I). A mean
BRO value in the range from of 0.72% to 0.85% was obtained from measurements made
on the solid bitumen, which resulted in an equivalent %VRO of 0.84% to 0.93%. The VRO
values, along with fluorescence color of the alginite, correspond to organic matter that is
thermally mature and at the boundary between the middle and the early-upper stages of oil
window (~0.90 %VRO).
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Figure 2-12. Photomicrographs of the Bakken Shale samples of Well #9: (A) Blocky and elongated grain of solid bitumen
(Bit) (BRO,ran=0.832%), P=Pyrite; (B) Granular bitumen (Grnl Bit) (BRO, ran=0.265%); (C) Matrix bituminite (Mx
Bitm); (D) Low-reflecting bitumen (L-Bit) viewed under white reflected light; (E) The same field of view as in photo D
under UV light. Note the dull-yellow fluorescence color of the generated hydrocarbon (HC) filling the cavities; (F) The
same view as photo C under UV light. Note the weak dull-yellow fluorescence color of the matrix bituminite; (G) Alginite
(Alg) associated with pyrite grains and having a dull-yellow to light-orange fluorescence color; (H) A view under white
reflected light showing amber-colored bitumen generated from algal (Alg) matter; (I) The same field of view as photo H
under UV light showing orange fluorescence color of alginite-generated generated bitumen; (J) Liptodetrinite (Ld)
having dull-yellow to light-orange fluorescence color; (K) Fusinite (Fus) showing cell lumens (some of which are filled
by pyrite); (L) A loose blocky organic matter (LOM) (RO, ran=0.822%). It resembles bitumen; (M) Angular grain of
inertinite (Int), P=Pyrite; (N) Zooclast-like (Zoo?) fragment that was replaced by pyrite completely; (O) Elongated piece
of granular inertinite (Grnl Int)., (Scale in all photomicrographs is 10 µm). All photomicrographs were taken using a
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50X oil immersion objective. UV light parameters were as follows: Excitation filter was at 465 nm; combined dichroic
and barrier filters have a cut at 515 nm.

The petrographic study of samples from Well #11 illustrates that they consist mainly of
solid bitumen, minor granular bitumen, a high-reflecting bitumen population, amorphous
matrix bituminite, alginite, inertinite, granular inertinite, reworked organic matter, and
liptodetrinite (small liptinite grains that are <10 microns in size). Alginite has a lightorange fluorescence color (Figure 2-13). A mean %BRO value of 0.92% to 1.00% was
used to estimate the equivalent %VRO of 0.97% to 1.02%. The calculated %VRO values
correspond to organic matter which is thermally mature and at the boundary between the
early-upper to upper stages of the oil window (~1.0 %VRO).
The petrographic study of prepared thin sections from well #9 with transmitted light, Figure
2-14, shows a very thin lamination in all samples of the Bakken Shale, also a considerable
presence of pyrite and silt-size quartz grains. Solid bitumen, Prasinophyte (blue-green)
alginite, unicellular marine alginite (Tasmanites), sporinite, granular micrinite,
amorphinte, liptinite, and shell fragments are the most abundant rock-forming macerals in
the studied samples. A very good assemblage of well-preserved macerals in the two
immature samples are shown in Figure 2-15 (A-D) (Well #2) and in Figure 2-15 (E-I) (Well
#4).
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Figure 2-13. Photomicrographs of the Bakken Shale samples of Well #11: (A) Network of amorphous matrix bituminite
(Mx Bitm) associated with mineral matter, P=Pyrite; (B) Granular bitumen (Grnl Bit) (BRO ran=0.371%); (C) Granular
inertinite (Grnl Int); (D) Liptodetrinite (Ld) having orange fluorescence color; (E) Solid Bitumen; (F) A rounded grain
of reworked, and possibly oxidized, organic matter (Rwk OM) having high relief (RO, ran=1.163%); (G) Alginite (Alg)
having a weak light-orange fluorescence color; (H) Fusinite (Fus) showing cell structure; (I) Elongated fragment of
inertinite (Int). (Scale in all photomicrographs is 10 µm). UV light parameters are the same as those in Figure 12.
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Figure 2-14. Thin sections of Bakken shale from Well #9; (A) Fusinite?, a high concentration of pyrite, and quartz
grains, Scale 50 µm; (B) Prasinophyte (blue-green) alginite, Scale 200 µm; (C) Tasmanites and Prasinophyte (bluegreen) alginite, Scale 200 µm; (D) Unicellular marine Tasmanites, perpendicular to bedding, the central suture line is
clearly visible, Scale 50 µm; (E) Alginite and shell fragments, Scale 50 µm; (F) Laminated alginite, Scale 50 µm.
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Figure 2-15. Photomicrographs of the Bakken Shale Samples of Well #2: (A) A small oil-prone marine Tasmanites
telalginite (Alg) exhibiting golden-yellow fluorescence color; (B) Fresh alginite (Alg) and degraded (Degr Alg). Note the
dull-yellow fluorescence color of the degraded algal body; (C) Acanthomorphic acritarch (Acr) with greenish-yellow
fluorescing color; (D) Sporinite (Sp) with yellow fluorescence in the outer part and dull-yellow fluorescence in the center.
The spore shows surface punctation. Well #4: (E) Thick-walled telalginite (Alg) of the Tasmanites type. It has goldenyellow fluorescence; (F) Alginite (Alg) having a weak light-orange fluorescence color; (G) Golden-yellow fluorescing
oil-prone unicellular marine telalginite (Alg); (H) Acanthomorphic acritarch (Acr) having greenish-yellow fluorescence
color; (I) Sporinite (Sp) having dull-yellow fluorescing color in the center and yellow fluorescence on the outer parts,
folded, the spore shows surface punctation, visible in the upper left-hand side; (Scale in all photomicrographs is 10 µm).
UV light parameters are the same as those in Figure 12.

Results from organic petrography are in good agreement with the geochemical analysis
data. However, a few issues are raised with respect to the organofacies models. The Jones
(1987) model does not take into consideration secondary products, such as solid bitumen
or migrabitumen, both of which were identified in the samples. The model considers only
phytoclasts as a main source for organic matter. Another concern is the fact that
Prasinophyte alginites were found to be present in moderate concentrations and not rarely
in immature to early oil-window samples and disappeared in samples at the peak oil
window. This disappearance is partly due to the conversion of alginite to bitumen after it
has generated liquid hydrocarbons. According to Jones (1987), organofacies B should have
a rare or very low percentage amount of prasinophytes. Integrating the geochemical and
petrographic results, such as TOC (present-day) of more than 10 wt.% for all samples, HI
(Present-day) in the mid 525 mg HC/g rock range for the immature samples, and the
percentage of amorphous kerogen (AOM) all would satisfy the requirements of
organofacies B. However, there exist few questions that make further studies necessary: 1)
the percentage of AOM matrix fluorescence is minimal and not moderate-weak as
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organofacies B necessitates; 2) the percentage of opaque/translucent phytoclasts is not
high, as organofacies B requires; 3) the acanthomorphic acritarch are not represented in the
Jones (1987) model as such, although they are most likely grouped along with alginite.
Finally, taking all the above into consideration, we believe that the organofacies of the
Bakken source rock is mostly type B based on the Jones (1987) classification, with an
additional minor contribution from organofacies AB based on the Tyson (1995)
classification.

2.3.5 Elemental analysis
The Bakken source rock is often referred to have been deposited in anoxic/euxinic
conditions (Webster, 1984; Meissner, 1991; Smith and Bustin, 1996). Pettijohn (1957)
defines euxinic sediments as those deposited in an anaerobic-reducing environment that
are characterized by their black color, high organic content, the presence of hydrogen
sulfide, and lack of a bottom fauna. Vanadium, molybdenum, and zinc as the redoxsensitive trace elements alongside with other trace and major elements that were analyzed
using X-Ray fluorescence in order to identify the anoxic/euxinic condition of the Bakken
Formation and understand the depositional environment conditions (Table 2-3). These
trace elements generally have a large concentration in the modern euxinic marine
environments. Algeo and Maynard (2004) considered the concentration of these elements
as representative of strong euxinic affinity trace elements, which correspond to the euxinic
facies. Euxinic depositional environment is an appropriate condition for a higher
concentration of organic carbon, sulfur content (in non Fe-limited systems) and trace
elements (Leventhal, 1983; Arthur and Sageman, 1994; Wignall, 1994; Algeo and
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Maynard, 2004). In order to investigate trace elements for the Bakken Shale, the
enrichment factor should be calculated first. Enrichment factor is defined as the normalized
ratio of each trace element to Al and shows the detrital influx. The results then compared
with typical shales with a generic enrichment pattern as Mo>Pb>Zn>V>Ni>Cu>Cr>Co
(Rimmer, 2004). Based on enrichment factor values, the Bakken exhibits the highest
amount of enrichment for V and then Zn, Ni, Mo, and Cu, consecutively (Table 2-7).
Lewan and Maynard (1982) and Lewan (1984) pointed out the importance of redox
potential as a primary control of the wide range of V/(V+Ni) in both petroleum source
rocks and oils. Based on Lewan and Maynard (1982) and Lewan (1984), Hatch and
Leventhal (1992) applied the idea of whole-rock analysis of Middle and Upper
Pennsylvanian Stark Shale Member of the Dennis Limestone and presented V/(V+Ni)
ratios as an indicator for discriminating between euxinic, anoxic, and dysoxic conditions.
They suggested a range of 0.46 to 0.60 for dysoxic, 0.54 to 0.82 for anoxic and ratios
greater than 0.84 for euxinic conditions (Rimmer, 2004). This ratio for the Bakken samples
is in the range of 0.39 to 0.86 with an average of 0.67, pointing to anoxic to euxinic
conditions, (Table 2-7).

47

Chapter 2
Table 2-7. Enrichment factors for selected trace elements and V/V+Ni ratio for the Bakken shale.

Well

Sample depth (ft.)

Mo/Al (×10-4)

V/Al (×10-4)

Zn/Al (×10-4)

Ni/Al (×10-4)

Cu/Al (×10-4)

V/V+Ni

3774

---

13.33

2.94

7.45

7.45

0.64

3785

63.50

176.86

336.70

92.26

14.38

0.66

5996

15.94

449.14

5.38

86.97

25.47

0.84

5999

1.07

161.66

4.97

25.58

47.25

0.86

7337.5

11.91

205.77

3.77

54.97

22.22

0.79

7342.7

69.66

227.00

930.39

142.72

26.30

0.61

7419

71.72

180.22

27.48

90.34

14.90

0.67

7431.1

42.89

48.05

3.97

52.81

14.89

0.48

7625.5

52.63

323.36

318.10

96.84

21.47

0.77

7631

104.37

393.15

161.74

151.66

29.66

0.72

7707.2

61.72

179.11

53.09

79.85

13.81

0.69

7718.6

45.83

46.58

4.29

54.03

13.23

0.46

8203.2

13.47

186.90

3.32

48.71

19.37

0.79

8207.5

58.15

197.72

95.11

100.54

28.69

0.66

8279

76.91

216.75

26.72

78.91

11.74

0.73

8291.7

63.44

138.48

13.64

69.35

14.33

0.67

8987.5

77.61

236.90

6.42

98.03

17.50

0.71

8995.5

70.32

157.18

94.84

77.41

15.07

0.67

10433

23.47

183.20

---

55.89

10.43

0.77

10527

177.72

233.54

39.35

75.18

19.68

0.76

10541

65.69

88.66

15.62

101.29

35.14

0.47

10547

49.52

---

11.00

117.43

21.49

---

11159

151.51

484.29

431.58

70.73

18.96

0.87

11162

155.37

254.36

112.50

78.63

19.66

0.76

9447.5

8.38

55.10

22.09

28.95

17.77

0.66

9453.5

86.27

182.09

7.43

83.61

12.74

0.69

9503.5

94.11

185.43

17.46

84.75

13.66

0.69

9507.1

77.94

176.17

223.06

84.64

16.24

0.68

9670.4

20.27

56.99

18.86

62.01

14.65

0.48

9673.3

20.74

32.12

26.60

49.85

8.53

0.39
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Algeo and Maynard (2004) showed that, in high TOC samples (>10 wt.%), Mo, U, V, Zn,
and Pb are strongly enriched. They proposed that black shale samples can be assigned to
the non-sulfidic anoxic versus euxinic redox facies on the basis of TOC–trace elements
relationships with strong euxinic affinity, such as U, Mo, V, and Zn. The diagrams of
Mo/Al versus TOC, V/Al versus TOC, and Zn/Al versus TOC (Figure 2-16) show that all
samples represent a euxinic to anoxic threshold depositional environment. This conclusion
is supported by the presence of framboidal pyrite in the samples (Figure 2-12 and Figure
2-13). Framboidal pyrite is an authigenic mineral and has a spherical shape and considered
as an indicator of redox conditions in both modern and ancient deposits (Bond and Wignall,
2010).
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A

B

C

Figure 2-16. Trace elements of ‘‘strong euxinic affinity” for Anoxic/Euxinic facies discrimination; (A) Mo/Al versus
TOC; (B) V/Al versus TOC, and (C) Zn/Al versus TOC. Modified after Algeo and Maynard (2004).

50

Chapter 2

In certain periods of Earth’s history, there were circumstances that deep oceans became
oxygen depleted. These particular periods are called "Oceanic Anoxic Events" or OAE
(Meyer and Kump, 2008). In the absence of oxygen in an anoxic environment, the level of
hydrogen sulfide concentration increased as a result of anaerobic microbial activities. In
such conditions, high concentrations of organic matter within the rock matrix occur. In
many OAEs the continuation of these conditions led to the creation of a euxinic state, which
is characterized by various factors such as high degree of pyritization (Raiswell et al.,
1988), pyrite narrower size distribution (Wignall and Newton, 2003; Nielsen and Shen,
2004), and strong enrichment in Mo, U, V, and Zn (Algeo and Maynard, 2004).
The Kellwasser anoxic oceanic event is known as one of the most widespread evidence for
OAEs and basinal euxinia and is reported to have taken place from the Late Devonian and
Early Mississippian (Meyer and Kump, 2008). Devonian-Mississippian New Albany
shales (Ingall et al., 1993), Kellwasser horizons in the black shales (Frasnian/Famenian)
from New York State (Murphy et al., 2000), Black Shales from the Illinois and Michigan
basins (Brown and Kenig, 2004), the classic Frasnian/Famennian Kellwasser events of the
Holy Cross Mountains of Poland (Bond et al., 2004) and the Lower Mississippian Sunbury
Shale of Kentucky (Rimmer, 2004) are few examples of this anoxic oceanic event. The
reason for this anoxic state is determined to be the thermal stratiﬁcation which is
perpetuated by anoxic productivity feedbacks (Meyer and Kump, 2008).
The Bakken samples from this study, with very high concentration of organic matter, very
high degree of pyritization, the presence of pyrite framboidal shape and narrower size
distribution (Figure 2-12 and Figure 2-13), strong enrichment in Mo, V, and Zn, as well as
petrographic evidences could be linked to the remarkable anoxic/euxinic conditions that
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characterized the Late Devonian (latest Frasnian) and Early Mississippian Kellwasser
oceanic anoxic events.

2.4 Conclusion
In this study, samples from the shale members of the Bakken Formation retrieved from
fourteen different wells and corresponding depths and thermal maturity levels were studied
in order to characterize the organic matter and type of organofacies. This study was carried
out by a combination of analytical techniques including Rock-Eval 6 pyrolysis, X-ray
fluorescence, vitrinite reflectance and organic petrography. First and foremost, pyrolysis
results showed that the Bakken Formation has a very high TOC, 3.53-24.71 (wt.%). Crossplots of HI versus Tmax showed that marine Type II kerogen is the dominant organic matter.
BRO-based calculated vitrinite reflectance of the samples are in good agreement with
maturity results obtained by Rock-Eval pyrolysis Tmax. In order to identify the Bakken
organofacies based on Jones (1987), BP (Pepper and Corvi, 1995), and Tyson (1995)
models, present-day values of HI were restored to original values via two different
approaches: calculated using mathematical modeling (HIO-Calculated) and visual kerogen
assessment (VKA) analysis, which is an empirical method. The VKA method
underestimated the HIO by about 125 mg HC/g TOC while the two mathematical models
and the Rock-Eval pyrolysis are in very good agreement with each other and are considered
to be closer to the true HIO of the Bakken in the study area. The models show that all the
samples studied represent organofacies B. Solid bitumen, amorphous matrix bituminite,
granular bitumen, alginite, and liptodetrinite are the most abundant macerals in the mature
samples and solid bitumen, Prasinophyte (blue-green) alginite, unicellular marine alginite
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(Tasmanites), sporinite, granular micrinite, amorphinite, liptinite are present in the
immature Bakken samples studied. These results confirm that organofacies B is the most
likely predominant organofacies in the Bakken source rock.
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Correlating Rock-Eval™ Tmax with
bitumen reflectance from organic petrology in the
Bakken Formation

Arash Abarghani, Mehdi Ostadhassan, Thomas Gentzis, Humberto Carvajal-Ortiz, Seare
Ocubalidet, Bailey Bubach, Michael Mann, Xiaodong Hou

Abstract
The Bakken Formation is a major unconventional shale play in North America, which lacks
an independent calibration for accurately correlate thermal maturity from programmed
pyrolysis (via temperature of maximum pyrolysis yield, Tmax) with optical methods (e.g.,
bitumen reflectance). In the present study, several samples from the upper and lower
members of the Bakken Formation in North Dakota were analyzed by detailed organic
petrography, bitumen reflectance, and Rock-Eval 6 pyrolysis. Organic petrography showed
that the organic matter consists of various types of bitumen, amorphous matrix bituminite,
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liptodetrinite, acanthomorphic acritarch, marine alginite, granular micrinite, and inertinite
macerals. Fluorescence color under UV light of macerals from the liptinite group was used
to confirm the thermal maturity level. Due to the scarcity/absence of primary vitrinite, RO
measurements on solid bitumen particles were converted to equivalent vitrinite reflectance
(VRO-Eq) using a published correlation equation from the coeval New Albany Shale.
Overall, geochemical analysis from Rock-Eval pyrolysis reveals almost similar trends for
the upper and lower members, which allowed proposing a single correlation for VRO-Eq to
Tmax for the Bakken Shale. Comparing the observed relationship for the Bakken Shale with
the previously established models for the Devonian Duvernay Shale (Canada) and the
Mississippian Barnett Shale (United States) shows discrepancies. Results confirmed the
necessity of developing a specific equation for the Bakken Shale members to relate vitrinite
and solid bitumen reflectance data to Tmax from Rock-Eval pyrolysis. Furthermore, the
outcome of this study indicated that linear trends cannot accurately represent the
relationship between these two parameters, considering the kerogen kinetics and non-linear
relationship between transformation ratio (TR) and Tmax. Therefore, a polynomial
correlation, a better fit to the data, was proposed to more accurately represent the nature of
this relationship.
Keywords: Bakken Shale, Bitumen Reflectance, Organic Petrology, Rock-Eval Pyrolysis, Vitrinite
Reflectance
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3.1 Introduction
The Bakken Formation in Williston Basin is one of the most prolific unconventional shale
plays in North America which is extended in parts of North Dakota, Montana, and the
Canadian provinces of Saskatchewan and Manitoba (Sonnenberg and Pramudito, 2009).
The Late Devonian - Early Mississippian Bakken Formation consists of four members;
organic-rich black shales in the upper and lower members (the source), along with organiclean carbonate-rich fine-grained sandstone and siltstone in the middle and pronghorn
members (the reservoir rock) (LeFever et al., 1991; LeFever, 2008; Theloy et al., 2017).
Regarding the depositional environment, a number of studies have shown that the shale
members of the Bakken Formation were deposited under euxinic/anoxic conditions in a
relatively deep marine environment (>200 m depth) (e.g., Webster, 1984; Hayes, 1985;
Holland et al., 1987; Egenhoff and Fishman, 2010; Steptoe and Carr, 2011; Abarghani et
al., 2018). In addition, the Bakken Formation was deposited in a stratified water column
(Lineback and Davidson, 1982) in the so-called “Black Shale Sea” of North America
(Ettensohn and Barron, 1981). During this period, the Kellwasser oceanic anoxic event
(Latest Frasnian - Joachimski and Buggisch, 2002; Ma et al., 2016; Gentzis et al., 2017)
led to the accumulation of considerable amounts of organic matter that formed source rocks
with high total organic carbon (TOC) contents.
The above conditions resulted in the oil-prone marine Type II kerogen becoming the most
abundant organic matter type in the Bakken with minor contributions from kerogen Type
III and IV and bitumen along the shallower margins of the eastern flank of the basin in
North Dakota, (Webster, 1984; Osadetz et al., 1992; Osadetz and Snowdon, 1995; Jin and
Sonnenberg, 2014; Khatibi et al., 2018; Abarghani et al., 2018; Khatibi et al., 2019). For
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the Bakken Formation in North Dakota, an average original hydrogen index (HIO) of 550
mg HC/g TOC was calculated (Abarghani et al., 2018). Recently, Abarghani et al. (2018)
performed a detailed organofacies study along the NE-SW trend and concluded that
organofacies ‘B’ is the dominant organofacies at least in the surveyed trend. Organofacies
‘B’ is mainly associated with shallow-water transgressive marine shales (Jones, 1987).
Different studies have modeled the relationship between Tmax (from programmed
pyrolysis) and vitrinite or solid bitumen reflectance for other major unconventional shale
plays such as the Barnett Shale (Jarvie et al., 2001), the Duvernay Formation (Wüst et al.,
2013), and the Woodford Formation (Hackley and Cardott, 2016). The purpose of such
studies was to develop a robust relationship, which can relate pyrolysis derived Tmax and
vitrinite reflectance, which would be applicable only to the studied formation. Studies have
shown that there is no universal correlation equation of VRO and Tmax that can be applied
successfully in all shale formations or in all basins. Not only each shale and each basin is
unique, but also shale formations even within the same basin may show variations in the
vitrinite reflectance (VRO) vs. Tmax relationship. This could be particularly useful in
situations where primary and reliable vitrinite fragments are scarce or absent.
Jarvie et al. (2001) proposed a model for the Mississippian Barnett Shale in the Bend ArchFort Worth Basin in Texas. This model has been consistently used in many different
unconventional shale plays and in the literature to calculate equivalent VRO based on Tmax
values. However, the universal validity of this model is questioned by Lewan and
Pawlewicz (2017), since some of the calculated data were not in agreement with the actual
VRO measurements. Jarvie et al. (2001) stated that the calculated value should be
corroborated with all available methods for thermal maturity measurements including
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vitrinite and bitumen reflectance, pyrolysis gas chromatography, stable isotope
geochemistry, etc. Similar models have been proposed for the Devonian Duvernay Shale
of the Western Canadian Sedimentary Basin (Wüst et al., 2013) and the Late Devonian Early Mississippian Woodford Shale in the Anadarko Basin in Oklahoma (Hackley and
Cardott, 2016). Other equations are also available in the published literature. Such
equivalency equations should be developed for discrete source rocks or basins
independently and used only locally, as discussed by Gentzis and Goodarzi (1990) and
Dembicki (2016). In this regard, the Bakken Formation is one of the source rocks missing
a publicly available equivalency equation, forcing researchers to adopt other existing
models for vitrinite reflectance-Tmax equivalencies. In this study, we present a single
general equation for the Bakken Formation Shale. The results were compared to the
equivalencies available for the Mississippian Barnett shale in the United States and the
Devonian Duvernay shale in Canada, to evaluate the accuracy of utilizing other equations
for the Bakken Shales. The outcome demonstrated a considerable discrepancy between the
Bakken vitrinite reflectance-Tmax relationship and two other shale plays.
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Figure 3-1. Williston Basin and the extent of the Bakken Formation in the United States and Canada. The image displays
the limits of the upper and lower shale members in North Dakota also with the location of the studied well in Red.

3.2 Materials and methods
Samples from the Bakken Formation were collected from the North Dakota Geological
Survey Wilson M. Laird Core Library located at the University of North Dakota campus.
A total of forty one (41) samples from the upper and lower shale members were selected
from fourteen different wells with a good areal distribution throughout the North Dakota
portion of the Williston basin in order to better exploit the complete maturation series
existing in the basin (i.e., from immature to late oil window) (Figure 3-1). Sampling
frequency and quantity were limited by rules imposed by ND Geological Survey
regulations. Although we recognize that the above number of samples is not high enough
from a statistical viewpoint to establish a robust relationship between Tmax and VRO, we
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believe that the 41 samples selected from the 14 wells are representative enough of the
Bakken Formation as a whole in this part of the Williston Basin and that the equation
generated would be applicable to other parts of the basin. However, another set of 18
samples from the previously published literature, including 14 from the Canadian portion
of the Bakken (Jiang et al., 2001) and 4 samples from the North Dakota part (Webster,
1982), was added to the database in order to increase the accuracy of the presented
equations through a larger population of a total of 59 samples.
All samples were analyzed un-extracted by a Rock-Eval 6 (RE) instrument using the
Basic/Bulk-Rock method (Behar et al., 2001). For this purpose, between 15 to 60 mg of
ground bulk rock (depending on reactive kerogen richness as outlined in Carvajal-Ortiz
and Gentzis, 2015) were placed in crucibles. Samples were heated for three minutes
isothermally under an inert (nitrogen) atmosphere in the pyrolysis oven, and then, the
temperature was increased to 650 ˚C at a rate of 25 ˚C/min. Residual organic carbon from
the pyrolysis stage was subsequently combusted in a second oven (oxidation oven).
Specific geochemical parameters such as S2, TOC, Tmax, and HI were measured (Table
3-1). Examples of detailed QC procedure for this technique can be found in Behar et al.
(2001) and Carvajal-Ortiz and Gentzis (2015).
Polished whole-rock blocks (pellets) were prepared for all samples to carry out organic
petrography and reflectance (RO%) measurements. Briefly, samples were crushed to 840
µm and then the pellets were built by epoxy resin (Epo-Thin™) and hardener and left for
8 hours to solidify. In the next step, the surface of the pellets was polished using 600, and
400 grit polishing cloths sets and then finished with an automated Buehler
EcoMet/AutoMet 250 system using 0.3 and 0.05 µm alumina powder to acceptable
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roughness and relief-free surface. Due to the scarcity/absence of vitrinite in the studied
samples, random reflectance in oil was measured on particles of bitumen. Fifty (50)
BRO,ran measurements per sample were acquired (Table 3-1) and the values were
converted to equivalent Vitrinite RO% using the equation proposed by Liu et al. (2017) for
the coeval New Albany Shale (VRO-Eq=0.5992×BRO+0.3987).
Bitumen reflectance (BRO%) and UV light analysis (fluorescence) were performed using
both a Zeiss Axio Imager A2M and a LEICA DM 2500-P and J&M Imager microscopes
under TSOP/ICCP protocols and procedures. The standards used were either Sapphire or a
YAG (Yttrium-Aluminum-Garnet) having RO of 0.47% and 0.97%, respectively. Analysis
under UV light (fluorescence) was performed using the following filters: excitation at 465
nm; combined beam splitter and barrier with a cut at 515 nm.

Table 3-1. Rock-Eval 6 pyrolysis results for the studied samples, measured BRO, standard deviation (S.D.) and VRO-Eq
values.

Well No.

Member

Depth

S2

Tmax

TOC

HI

BRO

S.D.

VRO-Eq

(ft.)

mg HC/g

°C

wt.%

mg HC/g TOC

%

%

%

1

L. Bakken

3774.0

21.58

420

3.53

611

0.38

0.04

0.62

2

L. Bakken

5438.0

128.71

419

24.71

521

0.35

0.04

0.61

7419.0

73.33

435

17.13

428

0.52

0.14

0.71

5

L. Bakken
7431.1

56.35

435

13.06

431

0.52

0.06

0.71

7707.2

57.43

437

14.65

392

0.43

0.08

0.66

7718.6

67.15

435

14.01

479

0.42

0.08

0.65

8279.0

65.00

431

13.17

494

0.44

0.07

0.66

8291.7

81.60

431

14.61

559

0.44

0.06

0.66

8987.5

24.06

435

6.09

395

0.46

0.09

0.67

8995.5

63.56

434

14.03

453

0.50

0.10

0.70

10527.0

45.02

448

16.66

270

0.83

0.04

0.90

6

7

8
9

L. Bakken

L. Bakken

L. Bakken
L. Bakken
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10

11

12

3

L. Bakken

L. Bakken

5

U. Bakken

9

11

12

448

11.16

255

0.81

0.07

0.88

10547.0

33.21

448

13.13

253

0.74

0.03

0.84

10555.0

34.08

449

13.26

257

0.72

0.02

0.83

9886.0

83.70

432

15.76

531

0.49

0.04

0.69

11201.0

28.05

452

16.36

171

1.00

0.07

1.00

11203.0

13.74

451

9.08

151

0.95

0.06

0.97

11205.0

14.77

451

9.77

151

0.92

0.05

0.95

9503.5

97.52

425

17.32

563

0.44

0.03

0.66

9507.1

113.05

422

19.78

572

0.25

0.02

0.55

5996.0

89.6

425

16.29

550

0.47

0.07

0.68

5999.0

36.02

426

7.33

491

0.53

0.05

0.72

8325.0

90.69

428

16.27

557

0.44

0.07

0.66

7337.5

56.9

438

12.1

470

0.51

0.08

0.70

7342.7

47.13

437

10.86

434

0.51

0.07

0.70

7625.5

82.93

436

17.82

465

0.47

0.11

0.68

7631.0

102.15

431

21.22

481

0.43

0.13

0.66

8203.2

102.81

431

18.07

569

0.47

0.08

0.68

8207.5

116.98

425

20.98

558

0.47

0.11

0.68

10433.0

32.95

448

11.92

276

0.74

0.08

0.84

10435.7

47.25

447

14.93

316

0.77

0.07

0.86

10436.4

33.01

447

12.69

260

0.76

0.06

0.85

10437.0

46.79

450

13.39

349

0.85

0.06

0.91

11158.0

21.81

452

12.31

177

0.99

0.05

0.99

11159.0

15.99

453

9.34

171

0.94

0.06

0.96

11162.0

18.30

451

10.42

176

0.98

0.05

0.99

9447.5

74.92

426

12.66

592

0.47

0.05

0.68

9453.5

90.98

424

14.80

615

0.42

0.04

0.65

10725.5

13.94

450

9.04

154

1.04

0.05

1.02

9670.4

61.12

429

11.11

550

0.48

0.07

0.69

9673.3

33.08

428

6.99

473

0.46

0.10

0.67

U. Bakken
U. Bakken

7

28.49

L. Bakken

4

6

10541.0

U. Bakken

U. Bakken

U. Bakken

U. Bakken

U. Bakken

13

U. Bakken

14

U. Bakken
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3.3 Results and discussion
The Bakken Formation consists of two separate organic-rich shale members. Most authors
have classified both the upper and lower members to be the same facies deposited under
relatively deep marine (at a depth of >200 m) and anoxic conditions (e.g., Steptoe and Carr,
2011; Angulo and Buatois, 2012; Zhang and Buatois, 2014). Although the results here
presented from detailed organic petrography show that there is considerable variability
between these two members in terms of the type and quantity of organic matter
concentration, from the geochemical characteristics point of view, these two members do
not exhibit considerable differences which will be discussed later.

3.3.1 Optical microscopy
Organic petrography was used to investigate the constituent organic matter types, including
various macerals, bitumen types, the fluorescence of the liptinite group macerals, and
association with the enclosed mineral matrix. Many studies have indicated that solid
bitumen can be used as the indicator of maturity in the scarcity/absence of vitrinite,
especially in Lower Paleozoic and marine strata such as the Bakken (e.g., Gentzis and
Goodarzi, 1990; Khorasani and Michelsen, 1993; Mukhopadhyay, 1994; Landis and
Castaño, 1995; Schoenherr et al., 2007; Kelemen et al., 2010; Mastalerz et al., 2018).
However, as discussed by Mastalerz et al. (2018), utilizing bitumen reflectance as thermal
maturity should be exercised with caution due to the presence of multiple populations in
the sample or variations in morphology and texture that could compromise measurements.
Bitumen populations in the samples studied were classified into two groups: 1) a lowreflecting bitumen population (partially degraded), and 2) a homogenous bitumen
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population showing higher reflectance. The above grouping was based on the measured
BRO% values and two separate distributions of the data (Figure 3-2 and Figure 3-3). Both
populations belong to the pre-oil bitumen type based on genetic classification schemes
(Curiale, 1986), but they represent different stages of petroleum generation within the oil
window. None of the bitumen populations in this study can be classified as ‘pyrobitumen’
which is found in the condensate liquid and dry gas windows. Close examination of the
data led us to consider a BRO of ~0.30% as the cut-off value separating these two
populations of bitumen in the Bakken Shale members.
The reflectance of the second bitumen population (that with RO,ran >0.30%) was converted
to equivalent vitrinite reflectance using a number of published empirical equations (e.g.,
Jacob, 1989; Bertrand, 1990 and 1993; Riediger, 1993; Landis and Castaño, 1995; Bertrand
and Malo 2001; Schoenherr et al., 2007; Petersen et al., 2013; Mählmann and Le Bayon,
2016; Liu et al., 2017). This was done in order to determine which one of the mentioned
equations would be a better fit to our data for the upper and lower Bakken. Few of these
equations were developed for migrabitumen (e.g., Jacob, 1989; Bertrand, 1993) and
reservoir bitumen (e.g., Schoenherr et al., 2007) whereas others were developed for sourcerock (in-situ) bitumen (e.g., Riediger, 1993; Landis and Castaño, 1995; Liu et al., 2017).
Utilizing any of these equations should be done cautiously. Since the bitumen fragments
used for RO measurements belonging to the in-situ, pre-oil bitumen type, after a careful
evaluation of the resulting VRO-Eq values, it was decided that a publicly available equation
for the New Albany Shale (VRO-Eq=0.5992×BRO+0.3987; Liu et al., 2017) would be the
most appropriate to use in this case. The VRO-Eq values resulting from this equation were
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in agreement with other maturity parameters such as fluorescence properties for the
liptinite group macerals.
The main reason for choosing the New Albany Shale equation (Devonian-Mississippian,
marine Type II kerogen; Liu et al., 2017) has to do with its similarities in age, kerogen and
bitumen type, and general properties with the Bakken Formation. Based on the calculated
VRO-Eq% values (using the aforementioned equation), samples were divided into two
populations within each member: 1) VRO-Eq lower than 0.80% and 2) VRO-Eq greater than
0.80%. Also, each member has been analyzed separately since the goal is to better study if
independent equations should be developed for the upper and lower Bakken separately.

Figure 3-2. The studied bitumen particles exhibited two separate distribution in a sample from Well #5, depth 7431.1 ft.
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Figure 3-3. Separate distributions of the studied bitumen particles in a sample from Well #3, depth 5999 ft.

3.3.1.1 The Upper Bakken
Samples taken from wells no. 3, 4, 5, 6, 7, 12 and 14 comprise population 1 with VRO-Eq
lower than 0.80%. Organic petrographic study of the samples from these wells
demonstrates that bitumen varies in shape and morphology and consists of the followings:
solid bitumen, which is mostly elongated and sometimes spherical to angular in shape and
amorphous, granular bitumen, low reflecting matrix bitumen, and high-reflecting bitumen
(Figure 3-4, A-D). Marine alginite, sporinite (some degraded fragments) and
acanthomorphic acritarch are the liptinite maceral constituents of this organic facies
(Figure 3-4, G-J) with HI values in the range of 434 to 615 with an average value of 524
(mg HC/g TOC). UV light excitation varied from pale greenish-yellow fluorescence to
golden-yellow fluorescence color. RO of solid bitumen has a range from 0.42% to 0.53%
which resulted in an equivalent VRO-Eq from 0.65% to 0.72%. Based on VRO-Eq% values,
the organic matter is considered to be in the early to the early-middle stage of the oil
window.
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The samples retrieved from wells no. 9, 11 and 13 comprise population 2 with VRO-Eq
greater than 0.80%. Solid bitumen displayed a spherical to an angular and elongated shape
resembling reservoir bitumen (Figure 3-4, K-L). Also present are: amber-colored bitumen,
probably generated from algal matter, and high-reflecting bitumen. Alginite and
liptodetrinite (small liptinite grains that are <10 microns in size) are other major
constituents of organic matter in this organic facies (Figure 3-4, M). This facies has HI
values in the range of 154 to 349 with an average value of 235 (mg HC/g TOC). Alginite
was observed to exhibit a dull-yellow to light-orange fluorescence color under UV light.
RO measured on solid bitumen ranged from 0.74% to 1.04%, resulting in an equivalent
VRO-Eq from 0.84% to 1.02%. Considering this VRO-Eq% value, along with the dull-yellow
to light-orange fluorescence color, shows that organic matter is thermally mature and in
the middle to early-upper stages of the oil window. Amorphous matrix bituminite
(hebamorphinite and fluoramorphinite in low mature samples), granular micrinite, granular
inertinite and other types of inertinite such as fusinite (Figure 3-4, E-F) can be found in the
samples. The matrix is argillaceous, siliceous, and contains coarse-grained carbonates in
conjunction with a high concentration of massive and framboidal pyrite as well as small to
medium size quartz grains with the presence of mollusk shell fragments.
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Figure 3-4. Photomicrographs of the Bakken Upper Shale samples: (A) A panoramic photomicrograph of elongated
grain of bitumen (BRO,ran=0.52%), blocky and framboidal pyrite grains are visible as bright particles, Well #7 depth
8207.5 ft; (B) High reflectance bitumen (BRO,ran=0.65%), Well #6 depth 7625.5 ft; (C) Bitumen (BRO,ran=0.59%), Well
#14 depth 9673.3 ft; (D) Elongated grain of low reflectance bitumen (BRO,ran=0.27%), Well #14 depth 9673.3 ft; (E)
Low reflectance bitumen with RO of 0.20%, Well #6 depth 7625.5 ft; (F) Relatively well-preserved fusinite showing cell
structure, Well #3 depth 5999 ft; (G) Acanthomorphic acritarch having greenish-yellow fluorescence color, Well #12
depth 9447.5 ft; (H) Acritarch with pale greenish-yellow fluorescence, Well #12 depth 9447.5 ft; (I) Alginite with
greenish-yellow fluorescence, Well #3 depth 5999 ft; (J) Lamalginite with greenish-yellow fluorescence, showing cellular
structure, Well #12 depth 9447.5 ft; (K) A rounded grain of solid bitumen (BRO,ran=0.77, Well #9 depth 10436.4 ft; (L)
Elongated grain of high reflectance bitumen (BRO,ran=0.83%), Well #9 depth 10435.7 ft; (M) Alginite enclosing a pyrite
grain and having orange fluorescence color, Well #11 depth 11158 ft. The red square in the middle of each image is a
scale of 5 µm of each side in images A-H and 10 µm in image I-M. All photomicrographs were taken using a 50X oil
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immersion objective. UV light parameters were as follows: Excitation filter was at 465 nm; combined dichroic and
barrier filters have a cut at 515 nm.

3.3.1.2 The Lower Bakken
Samples taken from wells no. 1, 2, 5, 6, 7, 8, 10 and 12 belong to population 1 with VROEq

lower than 0.80%, which was found to be rich in organic matter consisting of solid

bitumen. Observed bitumen particles are oval to angular, elongated in shape, some of
which are large, and also rare amounts of high reflectance bitumen (Figure 3-5, A-D).
Partly degraded sporinite fragments, rare occurrences of acanthomorphic acritarch, a
considerable amount of highly oil-prone unicellular marine telalginite (Type II OM),
Tasmanites and alginite fragments, and unstructured liptinite fragments are the other
macerals that constitute this organic facies (Figure 3-5, F-K). The HI values are in the
range of 392 to 611 with an average value of 497 (mg HC/g TOC). Under UV light, alginite
fragments display fluorescence ranging from greenish-yellow to golden-yellow. Rare
acanthomorphic acritarch with greenish-yellow fluorescence and degraded algae and
spores with dull-yellow color can be observed. RO estimated from solid bitumen varies
from 0.25% to 0.52%, with an equivalent VRO-Eq from 0.55% to 0.71%. Based on the VROEq%

values, the organic matter is considered to be in the pre-oil window to the early-middle

stages of the oil window.
Wells no. 9 and 11 comprise population 2 with VRO-Eq greater than 0.80%. Organic matter
consists of mostly solid bitumen, granular bitumen, and abundant low-reflecting bitumen
(Figure 3-5, L-M) with HI values in the range of 151 to 270 with an average value of 216
(mg HC/g TOC). Alginite fragments have a dull-yellow to light-orange and orange
fluorescence color under UV light (Figure 3-5, O and Q). RO measured on solid bitumen
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ranges from 0.72% to 1.00%, which resulted in an equivalent VRO-Eq of 0.83% to 1.00 %.
This VRO-Eq% value in conjunction with a light-orange to orange fluorescence color of
alginite under UV light illustrates that organic matter is mature and in the middle to earlyupper stages of the oil window. Non-fluorescing low-reflecting bituminite III
(hebamorphinite) that forms a complex network of fluorescing matrix bituminite in lowmature samples, thick bands of granular micrinite (formed from the bacterial alteration of
matrix bituminite with higher reflectance than bituminite), fusinite, and trace granular
inertinite fragments (Type IV OM) can be found in the samples (Figure 3-5, E and N).
Amorphous matrix bitunimite has a weak olive-green fluorescing color. The matrix is
argillaceous, siliceous, while blocky and framboidal pyrite is common.
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Figure 3-5. Photomicrographs of the Bakken Lower Shale samples: (A) Elongated grain of bitumen (BRO,ran=0.46%),
blocky and framboidal pyrite grains are visible as bright particles, Well #8 depth 8995.5 ft; (B) Elongated grain of
bitumen (BRO,ran=0.31%), Well #3 depth 6018.5 ft; (C) Low-reflecting bitumen between pyrite framboids
(BRO,ran=0.22%), Well #12 depth 9503.5 ft; (D) Bitumen with relatively high reflectance (BRO,ran=0.68%), Well #8
depth 8995.5 ft; (E) Relatively well-preserved fusinite showing cell structure, Well #1 depth 3774 ft; (F) Tasmanites
alginite seen parallel to bedding, showing greenish-yellow fluorescence, Well #12 depth 9503.5 ft; (G) Tasmanites
telalginite showing yellow to golden-yellow fluorescence; Well #12 depth 9503.5 ft (H) Thick-walled Tasmanites with
golden-yellow fluorescence, Well #5 depth 7431.1 ft; (I) Leiosphaeridia alginite with golden-yellow fluorescence, Well
#6 depth 7718.6 ft; (J) A panoramic photomicrograph of Leiosphaeridia alginite with golden-yellow fluorescence, Well
#7 depth 8291.7 ft; (K) A panoramic photomicrograph of a thick-walled unicellular Tasmanites with golden-yellow
fluorescence (in partly with light brown fluorescence possibly due to radioactive ‘halo’ effect of high U, Th or K in the
Bakken samples) at the top and, a folded alginite with golden-yellow fluorescence in the middle and, a folded oil-prone
Leiosphaeridia alginite with pale golden yellow fluorescence at the bottom, Well #6 depth 7718.6 ft; (L) High reflectance
bitumen (BRO,ran=0.99%), Well #11 depth 11201 ft; (M) Low-reflecting bitumen (BRO,ran=0.23%), Well #9 depth 10527
ft; (N) Fusinite showing cell structure, Well #11 depth 11205 ft; (O) Thin-walled and elongated light-orange fluorescing
alginite, Well #9 depth 10541 ft; (P) Low-reflecting bitumen (L-Bit), Well #9, depth 10547 ft; (Q) The same view as in
image ‘P’ under UV light, note the dull-yellow fluorescence color of the generated hydrocarbon (HC) filling the cavities
(images ‘P’ and ‘Q’ modified after Abarghani et al., 2018). The red square in the middle of each image is a scale of 5
µm of each side in images A-E and G-K; 10 µm in images L-Q; 20 µm in image F. Photomicrographs A-E and G-Q were
taken using a 50X oil immersion objective. Photomicrograph F was taken using a 25X water immersion objective. UV
light parameters were as follows: Excitation filter was at 465 nm; combined dichroic and barrier filters have a cut at
515 nm.
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3.3.1.3 Discussion on organic petrology
Samples having VRO-Eq of <0.80% contain a significant amount of amorphous bituminite
in the argillaceous matrix (~5-20 vol%), referred to here as hebamorphinite. Unicellular
marine alginite and acritarch make up a moderate amount (~5-10 vol%) of the samples.
Solid bitumen (SB) and micrinitized bitumen were noted in the lower maturity samples
(~5-10 vol%). Solid bitumen is most likely the result of the early transformation of
thermally labile organic matter, that is the SB represents pre-oil bitumen (Curiale, 1986)
that formed at VRO values of <0.60%. The fine granular micrinitic texture is likely the
result of bacterial degradation of the SB. The SB is considered to be either in-situ generated
and occupying the place of its precursor OM (no migration involved) or migrated but very
short distances. It does not have the appearance of migrabitumen.
The pre-oil bitumen identified in the samples is derived from oil-prone OM (Type II
marine). This OM will be converted to oil, gas, and condensates upon maturation, as well
as to post-oil bitumen (Loucks and Reed, 2014) and eventually to pyrobitumen at VRO
>1.4%. Although Tasmanites cysts are non-porous in immature and early mature shales
(Schieber, 2013; Löhr et al., 2015), oil-prone alginite could develop pores during the
process of degradation to pre-oil bitumen. Figure 3-5 (P and Q) show that, in the mature
Bakken samples, some liquid hydrocarbon expelled from the algal bodies because of
increased thermal maturity. Liu et al. (2017) observed small pores (<1000 nm) albeit rare
and only in the very small SB particles in New Albany Shale samples. Generally speaking,
such pores are rare within the oil window, as in the case of many of the Bakken samples
studied. In the lower maturity samples, alginite (highly oil-prone Type II OM) is present

75

Chapter 3

as elongate and compacted Tasmanites cysts encountered both parallel and normal to the
bedding plane.
The other alginite type identified in some of the lower maturity samples is Leiosphaeridia.
Alginite has mainly greenish-yellow to partly golden-yellow fluorescence colors. Alginite
is often associated with pyrite framboids, with the algal matter being wrapped around pyrite
acting as nucleation sites. Amorphous OM (hebamorphinite matrix bituminite) occurs as
streaks that are parallel to the bedding plane or as a complex interconnected network, often
specked, wispy, and wrapped around quartz grains. The latter provides an indication of the
degree of compaction of the OM, which indirectly reflects the sample maturity. Solid
bitumen (SB) occupies intergranular and other pore spaces and has often replaced the
hebamorphinite matrix network.
SB attained higher RO values and became more dominant (~10 vol%) in the higher maturity
samples (those having VRO-Eq > 0.80%), in which the total alginite/acritarch content also
declined considerably. In the high maturity samples, alginite was converted to bitumen
showing dull-yellow to orange fluorescence colors. The high maturity samples did not
contain hebamorphinite matrix bituminite (as seen in the lower maturity samples), which
indicates that the amorphous OM had undergone complete degradation and transformation
to bitumen and hydrocarbons. Jarvie (2012) suggested that the Bakken Shale in the oil
window (0.60-1.20% VRO) has 15-30% transformation ratio (TR). In the more mature
samples, alginite no longer has the elongate shape seen in the lower maturity samples. Here,
alginite occurs as large lumps that show diffuse margins or flow characteristics. Alginite
macerals have already been converted to bitumen. Under UV light excitation, algal
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remnants have a dull-yellow to mustard fluorescence. The algal-generated bitumen has a
very low reflectance (<0.20%), a very weak brown fluorescence color.
In addition, solid bitumen (SB) having a light-grey color and irregular shape, often with
serrated edges, is the main bitumen type encountered in the higher maturity samples. SB is
also in the form of elongate streaks. It often conforms to the shape of the void or space it
occupies. This SB is the dominant OM type in these organic-rich black samples of the
Bakken Formation that are at the peak of oil window (~0.90-1.0%), in agreement with
Hackley and Cardott (2016). SB is considered to be secondary OM generated from the
transformation of oil-prone primary OM (such as Type II alginite cysts and acritarch) to
hydrocarbons during thermal maturation (Curiale, 1986). SB in the higher maturity samples
has a flat, smooth surface, and uniform reflectance, which makes it ideal to take reflectance
measurements. It is referred to as post-oil solid bitumen [i.e., SB that is still in the oil
window but is derived from a primary cracking step (Step 2) of the pre-oil window]
(Mastalerz et al., 2018).
Vitrinite (Type III OM derived from terrestrial plant remains) is, for all practical purposes,
absent in the samples analyzed. Only inertinite (Type IV OM, also originating from land
plant tissues) is present in small quantities and as discrete particles in the matrix, in the
form of semifusinite, fusinite, and inertodetrinite. Inertinite did not show any
morphological changes with increased maturity, although some inertinite particles
exhibited cellular pores.
The relative proportions of different types of organic matter and minerals that were
observed were based on the visual kerogen assessment (VKA) of the whole-rock samples
without any point-counting being performed (Figure 3-6).
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Figure 3-6. Representative pie charts of four samples from wells no. 9 and 11. The relative proportions of different types
of organic matter and minerals were obtained through visual estimation from the whole-rock samples. (A) Well no. 9,
depth 10433 ft. (upper Bakken); (B) Well no. 9, depth 10541 ft. (lower Bakken); (C) Well no. 11, depth 11159 ft. (upper
Bakken); (D) Well no. 11, depth 11205 ft. (lower Bakken).

3.3.2 Thermal maturity equations and equivalencies
Programmed pyrolysis is an effective method which enables a quick and valuable
geochemical evaluation for source rocks and reservoirs (Lafargue et al., 1998). The TOC
content in the upper and lower Bakken samples varies from 3.53 to 24.71 wt.%, with a
mean value of 13.63 wt.%. The upper Bakken has TOC in the ranges of 6.99 to 21.22 with
an average value of 13.35 wt.%, whereas the lower Bakken has TOC values from 3.53 to
24.71 with an average value of 19.91 wt.%. A noticeable decrease in TOC was noted from
the immature and marginally-mature to the mature samples. This is attributed to the loss of
organic carbon when oil-prone organic matter is transformed into hydrocarbons that
originates from the increasing thermal maturity in the deeper parts of the basin (in the
center). This could be due to local heat flow, which has been recognized in different studies
(e.g., Gosnold et al., 1989; Gasnold, 1990; Blackwell and Richards, 2004). The increase in
thermal maturity as a function of the increase in organic matter depth of burial leads to
hydrocarbons generation and expulsion. This results in the TOC content in the source rock
to decrease (Daly and Edman, 1987; Dembicki, 2016). A uniform decrease in S2 and HI
values was also noted, which confirms with the above observations. Using Jarvie (2012),
for an original HI value of 550 mg HC/g TOC (a reasonable value prior to hydrocarbon
generation – Abarghani et al., 2018), the original TOC (TOCO) is estimated to be 26-27
wt.%. Cross-plots of S2 versus TOC (Figure 3-7) for the upper and lower shale members
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explains how these two parameters are related. These cross-plots also verified that the
organic matter in the Bakken is mostly composed of kerogen Type II.

Figure 3-7. The relationship between S2 versus TOC in the Bakken Shale samples. Most samples are in the field of
kerogen Type II and mixed Type II/III.

Tmax which is the measured temperature at the maximum pyrolysis yield during the
temperature ramp stage is one of the most commonly used parameters for thermal maturity
assessments. Values for Tmax obtained from programmed pyrolysis should increase with
burial depth, however, this is not always the case for various reasons, such as structural
features (e.g., unconformities and faults) or rapidly increasing geothermal gradients
resulting from local heat flow (Peters, 1986). Thus, many studies have concluded that
pyrolysis derived maturity interpretations should be confirmed - and supported by - other
independent means of analysis, including organic petrography (e.g., Peters, 1986; Carvajal80
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Ortiz and Gentzis, 2015). To calculate VRO% equivalent from Tmax values for different
source rock, most laboratories have used either the Barnett Shale model (Jarvie et al., 2001)
or the Duvernay Shale model (Wüst et al., 2013). In the case of the Bakken Shale, utilizing
those models for both upper and lower shale members would introduce more uncertainty
to the predicted thermal maturity assessment and values. This can also be explained
through the observed different linear trend in the Bakken compared to two other shales.
This originates from a relatively different thermal maturity trend for the Bakken compared
to Duvernay and Barnett Shales. When cross-plotting HI versus Tmax values, it can be seen
that organic matter in the samples of both members exhibits similar maturity trends for
Type II kerogen in the range of pre-oil-window to peak oil window, with Tmax, measured
values varying from 419 to 453 °C (Figure 3-8). These maturity levels (immature to peak
oil window) inferred from Tmax values were verified by the change in liptinite macerals
fluorescence (Figure 3-4 and Figure 3-5), from pale greenish/golden yellow (immature and
early mature samples) to the dull-yellow to orange fluorescence color (peak and late mature
samples). Plotting the data of the upper and lower members into a generalized graph of
Tmax versus vitrinite reflectance (Figure 3-9) also shows that most of the studied samples
from both members are following generalized trends of Tmax vs. vitrinite reflectance
(Peters, 1986).
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Figure 3-8. HI versus Tmax for the kerogen type and thermal maturity trend identification for the Bakken Shale samples.
Note that almost all samples are following the kerogen Type II thermal maturity trend.
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Figure 3-9. The generalized plot of Tmax vs. vitrinite reflectance (modified from Peters, 1986). The upper and lower
Bakken samples exhibit the same trend.

Collectively, the observed trends in geochemical analysis of all samples that have been
analyzed in this study (excluding those from the literature) from the upper and lower
members exhibit a similarity without any significant discrepancy. Therefore, proposing a
general equation for both members can adequately represent the relationship between VROEq

and Tmax in the Bakken Shale. In this regard, reliable Tmax values come from pyrograms

with Gaussian-like peaks (resembling a normal distribution) based on organic matter type
and ideally without any “shoulders” (Carvajal-Ortiz and Gentzis, 2015). Examining the
Rock-Eval 6 pyrograms for all studied samples, a well-formed Gaussian-like shape (mostly
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narrow shape) without any shoulders was observed in the pyrograms of most of the samples
analyzed, which indicated that the Tmax values reported are reliable (Figure 3-10, A and B).

Figure 3-10. Two representative Rock-Eval 6 pyrograms of the Bakken Shale samples in this study. (A-B) Well-formed
narrow peaks without any ‘shoulder’. Well no. 12, depth 9453.5 ft and Well no. 7, depth 8291.7 ft, respectively.

To increase the number of population for the goal of generating an equation that would be
more representative in relating VRO-Eq to Tmax, data from 18 samples including 14 from the
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Canadian Bakken and 4 samples from the North Dakota part of the Bakken were added to
the existing database in this study. The authors believe that the larger data population is
important since the proposed correlation may become a predictor for future studies in the
Bakken and should be more inclusive. Cross-plots of the measured VRO-Eq from optical
microscopy versus Rock-Eval pyrolysis derived Tmax values from a combination of 59
samples, led to a coefficient of determination (R2 = 0.83) for the Bakken Shale from a
simple linear regression (SLR). It should be emphasized that adding more information in
the future to the currently limited number of data points in this study will definitely increase
the accuracy of the proposed equation. Though, statistical analysis indicates that this linear
trend could be reliable enough to be used for estimation of a considerable range of
equivalent VRO% values (note: PI and CI in the model) based on Tmax values (Figure 3-11;
Figure 3-12).
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Figure 3-11. The linear correlation between VRO-Eq and Tmax, with 95% confidence interval (blue) and prediction interval
(red dashed line). The coefficient of determination and standard error were found to be 82.7% and 0.05, respectively.

Analysis of variance (ANOVA) on the fitted model (SLR) to the data is shown in Table
3-2 with one degree of freedom (DF). In this table, adjusted sequential sum (SS) and
sequential mean (SM) is used to calculate R2, which represents the goodness of the fitted
curve to the data. These values were found to be around 90% and 90%, respectively, which
shows an acceptable level of fitness. Additionally, the F-value for the regression model is
sufficiently large, which is the measure to determine that Tmax is associated with the VROEq

and these two parameters are related. Another confirmation for the appropriateness of

the model is the P-value. This latest parameter is almost equal to zero for the significance
level of 0.05, an indication of a 5% risk of no association between two compared
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parameters (null hypothesis is rejected). However, a closer look at Table 3-2, shows that
the lack-of-fit has a very small F-value (5.98) compared to the F-values (271.65 and
271.65) from the model parameters. This has happened due to the existence of samples
with similar Tmax values and varying measured/calculated VRO-Eq% mostly in the immature
samples (Tmax <435 °C), leading us to believe that non-linear models would better represent
the data relationship, as will be discussed later. However, this phenomenon is not unusual
and happens due to a larger variety of OM in the immature phase as discussed by Peters
(1986) and can be seen in Figure 9.

Table 3-2. Analysis of Variance (ANOVA) for SLR in Figure 3-11.

Source
Regression
Tmax
Error
Lack-of-Fit
Pure Error
Total

DF
1
1
57
25
32
58

Adj SS
0.89853
0.89853
0.18853
0.15528
0.03326
1.08706

Adj MS F-Value P-Value
0.898529 271.65
0.000
0.898529 271.65
0.000
0.003308
0.006211
5.98
0.000
0.001039

In addition to the ANOVA test, error/residual analysis on SLR in Figure 3-11 is carried out
and associated plots are presented here based on recommendations by Lawson and Erjavec
(2000). The difference between measured values and predicted values through the model
curve are known as residuals. In this regard, the concentration of error/residual points
around the red dashed line in the normal probability plot of residuals in Figure 3-12, A is
a representation of the normal distribution of the data. In the residual plots (Figure 3-12, B
and D), independent variables on the x-axis (measured Tmax) are plotted against residuals
on the y-axis. Randomly dispersed data points around y=0 demonstrate that linear
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regression can appropriately represent the relationship between x and y. By looking at
residual plots in Figure 3-12, B and D that are obtained from regression models of Figure
3-11, it can be seen that this aforementioned condition is fulfilled and we do not observe
any specific recognizable pattern in the data points. The residuals are fluctuating between
negative and positive values. Considering the histogram of residuals (errors), a normal
residuals distribution is also observed in Figure 3-12, C. Again, it should be emphasized
that a normal distribution of residuals (histogram) and data points along the red dashed
curve in the normal probability plot of residuals both confirm that linear regression is
suitable to represent the fit to the data.
Finally, statistical analysis that is shown in Figure 3-11, exhibits that all data points are
spread within the 95% PI of the fitted curves with a very negligible standard error of around
0.057. Please note that for any proposed model, PI will predict a range of responses and
the equation should be used with caution when converting a single data point in any study.
This is intrinsic of PI behavior in any regression. As a matter of fact, for the particular goal
of relating maturity parameters from geochemical analysis to organic petrography, the
uncertainty in the process of converting Tmax to VRO-Eq is reduced considerably when a
large population of samples is being converted. In this case, the response (predicted VRO)
will get closer to the CI range (which is based on mean values) instead of the PI. This can
also be seen in the residual plot of the errors, which means that when a large population is
being converted, the overall error will be distributed normally between the response
variables.
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Figure 3-12. Residual Plots for VRO-Eq and details of statistical analysis for the regressed line between VRO-Eq and Tmax.
(please see description in text).

Comparing the proposed equation in this study with the existing models for the
Mississippian Barnett Shale (Jarvie et al., 2001) and the Devonian Duvernay Shale (Wüst
et al., 2013) demonstrates notable dissimilarities in linear trends between these two major
source rocks and the Bakken Shale. From Figure 3-13, a significant difference in these
linear trends is observed for the Bakken Shale samples, which is reflected simply by the
slope of the curve fitted to the data. This outcome confirms the necessity of developing a
new equation to describe the relationship between Tmax with VRO-Eq values for the Bakken
Formation independently which has been achieved here. The Bakken Formation linear
trend, when compared to the Barnett Shale, illustrates an obvious discrepancy. This means
that although the Barnett Shale model is being used widely to estimate equivalent VRO%
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based on Tmax values in various basins with different age-rocks and lithologies (Wüst et al.,
2013), it should not be utilized in the case of the upper and lower shale members of the
Bakken Formation. Authors would like to point out that although a linear equation is
developed so far, a comparison between Bakken, Duvernay and Barnett Shales, clarifies
that utilizing equations from other shales for the Bakken will be misleading. This is due to
the fact that an SLR model, which has been proposed or developed in previous studies
regardless of the source rock, cannot be accurate to relate two parameters that are controlled
by many factors in nature through non-linear geologic processes.

Figure 3-13. VRO-Eq versus Tmax in the Bakken Shale samples (using all available data in Figure 3-11) demonstrates there
is no correlation between the Bakken Shale (upper and lower members combined) and the Duvernay Shale and the
Barnett Shale linear trends.
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Based on the above, researchers have attempted to establish a universal relationship
between VRO as a maturity index and kerogen transformation rate (TR) through theoretical
modeling (Pawar et al., 2017; Atmani et al., 2017) and experimental investigations (Chen
et al., 2014). The goal has been to study the kinetics of this process to better understand the
yield (amount of hydrocarbons and by-products) from organic matter across different types
of kerogen. If we assume artificial maturation or programmed pyrolysis and resulting
parameters (Tmax here) would be a form of simulation of the burial history with specific
heating rate (pyrogram), one can assume that Tmax, which is the temperature for
hydrocarbon maximum generation (organic matter transformation), can be related to the
VRO from organic petrography. This idea has been studied by numerous researchers (e.g.,
Waples and Marzi, 1998; Chen et al., 2014; Chen and Jiang, 2015). In this regard, Waples
and Marzi (1998) were able to present a general relationship between calculated TR and
calculated VRO for different kerogen types that follow a polynomial curve and not a linear
one (Figure 3-14, A).
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Figure 3-14. (A) Calculated VRO versus kerogen transformation ratio (TR) for different kerogen types. This diagram
clearly shows that the relationship between VRO and Tmax cannot be linear. Furthermore, each specific type of kerogen
needs its own conversion equation (modified after Waples and Marzi, 1998); (B) The observed relationship between
kerogen TR and Tmax in the Bakken based on a large database (modified after Jin and Sonnenberg, 2014). HIO and HIP
are the original and present-day hydrogen index, respectively (Espitalié, 1986).

Furthermore, a closer look at Figure 3-9 by Peters (1986), which was created based on a
large number of samples, corroborates that the nature of the relationship between VRO and
Tmax should be non-linear. Thermal energy (heat) is the major factor for breaking chemical
bonds in the complex macromolecule of kerogen and producing petroleum and other byproducts. Tmax is the temperature of the maximum yield of the hydrocarbon (upper limit of
kerogen transformation ratio) and a direct indicator of this exerted heat, a representative of
kerogen kinetics (Bordenave et al., 1993). Immature kerogen molecule, which is very much
disordered, heterogeneous, and with a large amount of nitrogen-sulfur-oxygen (NSO)
attachments (geopolymer), needs a different rate of energy for conversion (breaking
chemical bonds). This rate changes through the maturation pathway where kerogen is
becoming better ordered, homogeneous, and losing its NSO attachments (Van Krevelen,
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1950; Chen and Jiang, 2015; Dembicki, 2016). In that regard, previous studies have already
confirmed a direct relationship between HI and TR and also TR and Tmax (Peters et al.,
2005; Jin and Sonnenberg 2014; Chen and Jiang, 2015; Chen et al., 2016; Wood, 2017).
To be more specific, the relationship between these two parameters (Tmax and TR) in the
Bakken Formation in the US portion of the Williston Basin is depicted in Figure 3-14, B
(Jin and Sonnenberg, 2014).
In this manuscript following what has been discussed so far, we strongly believe that a
simple linear regression to relate Tmax to VRO cannot truly define such a relationship.
Therefore, here we present another fitted curve to our data (polynomial of order 4 - Figure
3-15), which seems to match the overall distribution of data points better and is supported
by the concepts that were discussed above. A comparison between the correlation
coefficient and also the residual plots of these two equations (linear and polynomial)
demonstrates the suitability for the polynomial one (Figure 3-16). If two separate linear
curves are fitted to immature and mature samples independently as shown in the smaller
image in Figure 15, the slopes would be almost parallel to the tangents of the non-linear
curve and coincide at the boundary of pre-oil to oil window (Tmax =435 °C) which affirms
non-linearity in the data. Finally, the idea of relating Tmax to VRO, which is interesting for
researchers and the industry alike, should be pursued by considering the governing factors
on the transformation of organic matter to petroleum or simply developed specifically to
every dataset when both VRO and geochemistry data is available. Finally, readers should
know that when any model, either polynomial or linear is used, the error would be
inevitable and nothing can replace performing a combination of laboratory investigations.
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Figure 3-15. The polynomial correlation between VRO-Eq and Tmax. The coefficient of determination and standard error
were found to be 87.4% and 0.049, respectively. The clear discrepancy was observed on fitted linear regressions for the
samples with Tmax smaller/greater than 435 °C (The boundary between the pre-oil and oil windows) in the small picture
in the upper left corner.
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Figure 3-16. Residual plots for VRO-Eq and details of statistical analysis for the regressed polynomial curve between VROEq

and Tmax. (please see description in text).

3.4 Conclusion
The main objective of this study was to develop an equation to relate thermal maturity from
programmed pyrolysis to optical methods. For this purpose, the Bakken Formation Shale
members were investigated for thermal maturity trends using extensive organic
petrography, bitumen reflectance and Rock-Eval pyrolysis derived Tmax analysis. Organic
petrography results showed that various types of bitumen with different optical properties,
amorphous bituminite (hebamorphinite), liptinite, acanthomorphic acritarch, marinederived alginite, fusinite, and inertinite comprise the organic matter in the samples. In the
scarcity/absence of primary vitrinite, the various bitumen types were examined, and the
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appropriate bitumen population was selected for BRO% measurements. The measured
BRO% values then were converted to vitrinite reflectance equivalent (VRO-Eq%) using Liu
et al. (2017) equation. When comparing the Bakken Shale members’ proposed linear trend
with that of the Barnett and the Duvernay shales, major differences were observed.
Although each member of the Bakken represents variations in organic matter type and
concentrations, both members display very similar geochemical variations. This made us
accept to define the same conversion equation for both members. Finally, although the
Bakken Shale’s conversion SLR equation was developed with a high degree of confidence,
it is believed that unless kinetics of kerogen conversion and underlying chemistry that
define the relationship between Tmax and TR through thermal advance is considered, such
models cannot be accurate. Thus, to better satisfy these conditions a non-linear model,
which also presented a better fit to the data, was proposed. Authors would suggest when
there is good access to samples and analytical equipment, independent equations should be
generated for each situation considering the complexity of parameters that can affect
maturity trends of each individual source rock.
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The Effect of Thermal Maturity on
Redox-Sensitive Trace Metals Concentration in
the Bakken Source Rock, North Dakota, USA

Arash Abarghani, Mehdi Ostadhassan, Thomas Gentzis, Seyedalireza Khatibi, Bailey Bubach

Abstract
Samples were taken at different levels of thermal maturity in the unconventional Bakken
source rock. Programmed pyrolysis derived Tmax, liptinite group maceral UV fluorescence,
solid bitumen reflectance, and Nuclear Magnetic Resonance (NMR) spectroscopy as four
different thermal maturity indicators were utilized in order to establish a reliable database
to compare redox-sensitive trace metals concentration to maturity variations. Comparing
redox-sensitive trace metals with total organic carbon displayed the presence of
anoxic/euxinic conditions in the depositional environment of the Bakken Shale. A slight
enrichment with different rates in redox-sensitive trace metals was detected with almost all
utilized thermal maturity indices. It was found that thermal maturity played an important
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role in redox-sensitive trace metals concentrations. Maturity advance led to the release and
liberation of some redox-sensitive trace metals from the organic matter directly.
Remineralization and decomposition of organic matter with thermal maturity advance
could release sulfur as a source of thermogenic H2S, which could accelerate pore
water/rock interaction and authigenic Fe-sulfides. This could enhance the capability of uptaking of most of the redox-sensitive trace metals and increase their concentration in the
pore water. Among the utilized thermal maturity indicators, Tmax showed the strongest
direct relationship with all redox-sensitive trace metals enrichment, which supports the
notion of the impact of thermal maturity on the enrichment of redox elements.
Keywords: Bakken Shale, Thermal maturity, redox-sensitive trace metals, Tmax, Solid bitumen reflectance,
NMR spectroscopy

4.1 Introduction
The Bakken Formation in Williston Basin, as one of the most productive unconventional
shale plays in North America, has a vast extension and has occupied large areas in parts of
North Dakota, Montana, and the Canadian provinces of Saskatchewan and Manitoba
(Figure 4-1). The Late Devonian - Early Mississippian Bakken Formation consists of four
members: two source rocks and two reservoir rocks (LeFever et al., 1991; LeFever, 2008;
Bottjer et al., 2011; Johnson, 2013; Theloy et al., 2017). The black organic-rich shales in
the Upper and Lower members represent the source rock while the carbonate-rich finegrained sandstone and siltstone in the middle along with the Pronghorn member are the
reservoir rocks. It should be noted that the Pronghorn member is sporadically appearing in
parts of the basin and is not present throughout the whole basin. The Bakken Formation
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has reached a maximum thickness of 150 ft. (~50 m) in the central part of the basin
(LeFever et al., 1991). This Formation has no surface outcrop and all the studies on this
formation are conducted by analyzing drill cuttings and core samples. The Bakken source
rock is reported to be deposited in anoxic/euxinic conditions (Webster, 1984; Meissner,
1991; Smith and Bustin, 1996; Nandy et al., 2015; Abarghani et al., 2018) and in a
relatively deep marine (>200m) environment (Hayes, 1985; Holland et al., 1987; Egenhoff
and Fishman, 2010; Steptoe and Carr, 2011). Other studies (e.g., Lineback and Davidson,
1982) indicate that the Bakken Formation was deposited in a stratified water column which
provided appropriate conditions for concentration and preservation of organic matter.

Figure 4-1. Location map of the study area in North Dakota portion of the Williston Basin and well location.

The organic geochemistry of the Bakken source rock (upper and lower members) has been
the subject of numerous studies (e.g., Schmoker and Hester, 1983; Webster, 1984;
Meissner, 1991; Sonnenberg and Pramudito, 2009; Jin and Sonnenberg; 2013; Gentzis et
al., 2017; Khatibi et al., 2018a; Abarghani et al., 2018; Khatibi et al., 2019 and many
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others). On the contrary, studies on the inorganic fraction of this source rock are limited.
In this regard, the analysis of trace metals (TMs) in terms of their concentrations and
distribution patterns can provide a better insight into the depositional environment
conditions. This information enables us to better understand organic matter (OM)
occurrence and its preservation, which provides a more meaningful interpretation of
organic geochemistry studies.

4.2 Previous studies
Chermak and Schreiber (2014) studied the relationship between trace elements/associated
minerals from nine major shale plays in the United States (Antrim, Bakken, Barnett, Eagle
Ford, Haynesville, Marcellus, New Albany, Utica, and Woodford Shales) and related the
results to the hydraulic fracturing performance. They argued that trace elements/minerals
concentration can be used to estimate the hydraulic fracturing ability of the rocks. Kocman
(2014) studied elemental distribution patterns in the Bakken Formation using a handheld
X-ray fluorescence (XRF) device and integrated this information with other conventional
methods, such as petrographic studies, to develop a sequence stratigraphic framework for
the Bakken. The above author reported a significant enrichment of Molybdenum (Mo),
Uranium (U) and Vanadium (V) trace metals in the upper and lower members. Nandy et
al. (2015) derived trace elements concentrations in the Bakken source rock by using a
handheld XRF device. A combination of such data with mineralogical assemblages, stable
isotopes (carbon/oxygen/sulfur), and total organic carbon (TOC) enabled the above authors
to reveal the effects of detrital sediment influx into the basin, hence the anoxic/euxinic
conditions in productivity, preservation, and dilution of the organic matter in the Bakken
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source rock. They also reported enrichment of redox-sensitive trace metals including Mo,
V, U, Nickel (Ni), and Copper (Cu). Scott et al. (2017) studied the hyper-enrichment of V
and Zinc (Zn) in the Bakken Formation and realized that high concentrations of V could
be the result of very high levels of dissolved H2S in the basin bottom waters or sediments.
The hyper enrichment of Zn was linked to the activity of a certain type of sulfide-oxidizing
bacteria (phototrophic) and the development of photic-zone euxinia.
Although these limited studies have investigated the inorganic part of the Bakken source
rock, the relationship between thermal maturity trends of the organic matter and these
elements/metals remains unclear. To fill this knowledge gap, an attempt was made to
discuss the influence of thermal maturity on the distribution of redox-sensitive trace metals
such as Mo, V, Zn, Cu, Ni and Chromium (Cr). In order to tackle this problem from
different physio-chemical perspectives, four different thermal maturity indicators have
been utilized, including programmed pyrolysis derived Tmax (e.g., Espistalié et al., 1985;
Lafargue et al., 1998; Dembicki, 2016), solid bitumen reflectance (e.g., Mukhopadhyay,
1994; Schoenherr et al., 2007; Kelemen et al., 2010; Mastalerz et al., 2018), and Nuclear
Magnetic Resonance spectroscopy (NMR-Khatibi et al., 2019) to investigate possible
relationships between redox-sensitive TMs and thermal maturity. Both the upper and lower
members are considered to have similar sedimentary facies and organic geochemistry
characteristics, and having been deposited under relatively deep marine (>200 m) and
anoxic conditions (e.g., Steptoe and Carr, 2011; Angulo and Buatois, 2012; Zhang and
Buatois, 2014; Abarghani et al., 2019). As a result, both members can be considered as a
single organofacies when evaluating the relationship between thermal maturity and TMs
variations. Although the number of samples is limited (30 samples), considering the
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thickness of the shale members (6-24 ft. and 7-51 ft., upper and lower members,
respectively-Table 4-1), two samples taken from each member should reasonably represent
the scope of this study, which is to explain the influence of thermal advance on TMs
concentrations. Readers should note that authors do not intend to present basinwide
variations on TMs and are trying to set forth the idea that trace metals concentration can
vary with maturity in different wells drilled in varying maturity regions. Nonetheless, the
existence of all stages of thermal maturity, from immature to relatively late-mature in the
Bakken, provided the opportunity to examine the effects of thermal maturity evolution on
trace metals concentration.

4.3 Methods and materials
Ten wells were selected across the North Dakota portion of the Williston Basin with a good
areal distribution for sampling. Core from these wells was stored at the Wilson M. Laird
Core Library of the North Dakota Geological Survey located at the University of North
Dakota campus. A total of thirty (30) samples from the lower and upper Bakken Shale
members were selected to prepare whole-rock polished blocks (pellets). The polished
blocks were prepared according to the ISO 7404-2 (2009) standard. Reflectance
measurements followed the ASTM Standard D7708 (2014). Because of the
scarcity/absence of vitrinite, reflectance measurements were made on solid bitumen
particles and their reflectance values are reported as SBRO% (Table 4-2). The reflectance
standards used included Sapphire and YAG (Yttrium-Aluminum-Garnet) having RO of
0.47% and 0.97%, respectively. A LEICA DM 2500-P microscope equipped with J&M
photometer TIDAS S MSP-200 was used for SBRO% measurements and at least fifty (50)
102

Chapter 4

SBRO, ran measurements per sample were acquired. Analysis under UV light
(fluorescence) of liptinite group macerals was qualitative and complementary to
reflectance. Fluorescence was performed using the following filters: excitation at 465 nm;
combined beam splitter and barrier with a cut at 515 nm. The ICCP nomenclature, as
described in Pickel et al. (2017) was used to describe the liptinite group macerals in the
Bakken Formation samples.
All samples were analyzed utilizing the Basic/Bulk-Rock programmed pyrolysis method
for source rocks by a commercial Rock-Eval 6 instrument (Vinci Technologies®, France)
to obtain total organic carbon and Tmax. In this method, 15 or 60 mg of grounded bulk
samples (based on the reactive kerogen richness; Carvajal-Ortiz and Gentzis, 2015) were
heated for 3 minutes isothermally and then, temperature was increased with a rate of 25
˚C/min up to 650 ˚C, under inert gas atmosphere (nitrogen) in the pyrolysis oven. Pyrolysis
was followed by oxidation to 850 °C under high-purity air. TOC content was obtained by
summing the pyrolizable carbon (PC) and the residual carbon (RC). For a detailed
description of the programmed pyrolysis method, the reader is referred to Behar et al.
(2001). NMR measurements were performed with a hydrogen special spectrometer at 22
MHz on sample chips weighing approximately 20 gr. The inter-echo spacing time of less
than 0.1 ms was selected to detect solid organic matter in the samples. The T1 and T2 data
were acquired using an inversion-recovery and CPMG sequence, respectively, to obtain
T1-T2 2D maps (Khatibi et al., 2019). Finally, all samples were analyzed by utilizing a
commercial X-Ray fluorescence Supermini200 WDXRF by Rigaku® for the trace and
major elements. For this purpose, 10 gr of the powdered sample was pelletized by mixing
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with 1 gr of the paraffin binder (mixing ratio of 1:10) and then pressed by an automatic
press machine with a maximum load of 300 kN to produce flat and cylindrical shaped disks.

Table 4-1. Well IDs, the Bakken Formation, and the upper and lower member’s thickness.

Well ID*

The Bakken Formation

The Upper Shale

The Lower Shale

Thickness (ft.)

Thickness (ft.)

Thickness (ft.)

10
6
21
9
10
12
18
24
14
10

33
7
23
24
24
40
51
36
9
0

1
3
5
6
7
8
9
11
12
14
* Well ID is not equivalent to well numbers.

95
28
110
101
94
85
150
82
69
21
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Table 4-2. Well IDs, sample depth, the Bakken Formation members, TOC, thermal maturity indices and elemental
analysis results for Al, Mo, V, Zn, Cu, Ni, and Cr. TOC, Tmax, and SBRO data are retrieved from Abarghani et al. (2019).

Well
1
3

5

6

7

8

9

11

12

14

Depth
ft.
3774
3785
5996
5999
7337.5
7342.7
7419
7431.1
7625.5
7631
7707.2
7718.6
8203.2
8207.5
8279
8291.7
8987.5
8995.5
10433
10527
10541
10547
11159
11162
9447.5
9453.5
9503.5
9507.1
9670.4
9673.3

Member
--L. Bakken
L. Bakken
U. Bakken
U. Bakken
U. Bakken
U. Bakken
L. Bakken
L. Bakken
U. Bakken
U. Bakken
L. Bakken
L. Bakken
U. Bakken
U. Bakken
L. Bakken
L. Bakken
L. Bakken
L. Bakken
U. Bakken
U. Bakken
L. Bakken
L. Bakken
U. Bakken
U. Bakken
U. Bakken
U. Bakken
L. Bakken
L. Bakken
U. Bakken
U. Bakken

TOC
wt.%
3.53
14.93
16.29
7.33
12.10
10.86
17.13
13.06
17.82
21.22
14.65
14.01
18.07
20.98
13.17
14.61
6.09
14.03
11.92
16.66
11.16
13.13
9.34
10.42
12.66
14.80
17.32
19.78
11.11
6.99

Tmax
°C
420
410
425
426
438
437
435
435
436
431
437
435
431
425
431
431
435
434
448
448
448
448
453
451
426
424
425
422
429
428

SBRO
%
0.38
0.37
0.47
0.53
0.51
0.51
0.52
0.52
0.47
0.43
0.44
0.43
0.47
0.47
0.44
0.44
0.46
0.50
0.74
0.83
0.81
0.74
0.94
0.98
0.47
0.42
0.44
0.25
0.48
0.46

NMR
mg H/g
3.50
0.40
5.00
4.00
14.00
13.00
--8.70
8.50
10.37
--10.80
--10.27
9.51
11.00
11.40
9.20
13.50
----------6.18
9.00
6.00
6.00
10.40
8.00

Al
ppm
51010
41729
48292
56292
50395
20529
42947
50366
47501
35737
46339
53674
54201
38692
40046
43977
17138
33847
80512
62515
43538
58160
52737
42223
39383
37674
39530
49270
49829
59785

Mo
ppm
--265
77
6
60
143
308
216
250
373
286
246
73
225
308
279
133
238
189
1111
286
288
799
656
33
325
372
384
101
124

V
ppm
68
738
2169
910
1037
466
774
242
1536
1405
830
250
1013
765
868
609
406
532
1475
1460
386
--2554
1074
217
686
733
868
284
192

Zn
ppm
15
1405
26
28
19
1910
118
20
1511
578
246
23
18
368
107
60
11
321
--246
68
64
2276
475
87
28
69
1099
94
159

Ni
ppm
38
385
420
144
277
293
388
266
460
542
370
290
264
389
316
305
168
262
450
470
441
683
373
332
114
315
335
417
309
298

Cu
ppm
38
60
123
266
112
54
64
75
102
106
64
71
105
111
47
63
30
51
84
123
153
125
100
83
70
48
54
80
73
51

Cr
ppm
--110
----82
146
------90
------------165
120
--177
90
82
102
124
70
----41
--66

4.4 Results
Various analytical methods are commonly used in thermal maturity evaluation such as the
maximum yield temperature during programmed pyrolysis (Tmax), (Espitalié et al., 1985;
Lafargue et al., 1998; Peters et al., 2005), vitrinite reflectance (e.g., Mukhopadhyay and
Dow, 1994) and NMR spectroscopy (Khatibi et al., 2019). A combination of the above
methods is required to define the boundaries of the different stages of thermal maturity and
accurately evaluate the source rock since each method is based on a different operational
theory that analyzes the organic matter from different perspectives. In order to investigate
TMs variation for the Bakken Shale, the enrichment factor, which denotes the detrital
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influx, was calculated and all trace metals were normalized to Aluminum (Al) to eliminate
the effect of variable dilution by organic matter and authigenic minerals (Arthur et al.,
1990; Calvert and Pedersen, 1993; Morford et al., 2001; Algeo and Maynard, 2004).
Detrital influx could have a great impact on organic matter preservation and also authigenic
mineral formation and concentration. Where there is a significant detrital influx into the
basin, organic matter dilution can occur and, if it continues, it may lead to OM decay and
decomposition. Detrital influx can also change the trends of authigenic mineral formation
by changing the availability of elements and the depositional environment physical and
chemical properties and conditions, such as pH, Eh, salinity, and suspended sediments.
Aluminum is expected to get extracted from aluminosilicate phases entirely (Calvert and
Petersen, 1993), which have a detrital origin. Therefore, normalization of each TM
concentration to Al can result in the detection of detrital influx and be used as a factor to
represent that individual TM enrichment magnitude. Accordingly, each redox-sensitive
element concentration is reported as an Al-normalized value of 10-4 (Table 4-3).
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Table 4-3. Enrichment factors for redox-sensitive trace metals.

Well
1
3

5

6

7

8

9

11

12

14

The

Depth (ft.)
3774
3785
5996
5999
7337.5
7342.7
7419
7431.1
7625.5
7631
7707.2
7718.6
8203.2
8207.5
8279
8291.7
8987.5
8995.5
10433
10527
10541
10547
11159
11162
9447.5
9453.5
9503.5
9507.1
9670.4
9673.3

Bakken

Mo/Al*10000
--63.50
15.94
1.07
11.91
69.66
71.72
42.89
52.63
104.37
61.72
45.83
13.47
58.15
76.91
63.44
77.61
70.32
23.47
177.72
65.69
49.52
151.51
155.37
8.38
86.27
94.11
77.94
20.27
20.74

Shale

V/Al*10000
13.33
176.86
449.14
161.66
205.77
227.00
180.22
48.05
323.36
393.15
179.11
46.58
186.90
197.72
216.75
138.48
236.90
157.18
183.20
233.54
88.66
--484.29
254.36
55.10
182.09
185.43
176.17
56.99
32.12

samples

Zn/Al*10000
2.94
336.70
5.38
4.97
3.77
930.39
27.48
3.97
318.10
161.74
53.09
4.29
3.32
95.11
26.72
13.64
6.42
94.84
--39.35
15.62
11.00
431.58
112.50
22.09
7.43
17.46
223.06
18.86
26.60

exhibited

a

Ni/Al*10000
7.45
92.26
86.97
25.58
54.97
142.72
90.34
52.81
96.84
151.66
79.85
54.03
48.71
100.54
78.91
69.35
98.03
77.41
55.89
75.18
101.29
117.43
70.73
78.63
28.95
83.61
84.75
84.64
62.01
49.85

general

Cu/Al*10000
7.45
14.38
25.47
47.25
22.22
26.30
14.90
14.89
21.47
29.66
13.81
13.23
19.37
28.69
11.74
14.33
17.50
15.07
10.43
19.68
35.14
21.49
18.96
19.66
17.77
12.74
13.66
16.24
14.65
8.53

enrichment

Cr/Al*10000
--26.36
----16.27
71.12
------25.18
------------96.28
35.45
--28.31
20.67
14.10
19.34
29.37
17.77
----8.32
--11.04

pattern

as

V>Zn>Ni>Mo>Cr>Cu, which is slightly different from what was presented by Rimmer
(2004): Mo>Zn>V>Ni>Cu>Cr for redox-sensitive trace metals concentration in black
shales. However, the concentrations of V and Zn are in agreement with previously reported
values by Scott et al. (2017) for the Bakken Shale. The anoxic/euxinic conditions of the
Bakken depositional environment have been reported in several studies (e.g., Kocman,
2014; Nandy et al., 2015; Scott et al., 2017; Abarghani et al., 2018). It is well known that
anoxic/euxinic environments are suitable for organic matter concentration and
preservation. In the next section, the relationship between each redox-sensitive element
with TOC content and four different thermal maturity indices will be investigated.
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4.4.1 Programmed pyrolysis and telalginite fluorescence
Tmax is one of the most commonly used parameters for thermal maturity assessments.
Nevertheless, Tmax values should be utilized with caution for maturity evaluation since
multiple factors can affect the accuracy of Tmax values. For example, samples with low
reactive kerogen (S2) content (less than 0.5 mg HC/gr Rock) would result in non-Gaussian
and broad peaks, thus resulting in unreliable Tmax values (Peters, 1986; Carvajal-Ortiz and
Gentzis, 2015) (Figure 4-2). However, the Bakken Shale has been reported to have high S2
values regardless of maturity level (S2 ranged from 13.74 to 128.71 with an average value
of 57.21 mg HC/gr rock at VRO of 0.61-1.02%; Abarghani et al., 2019). This is true even
when the Bakken samples were extracted using organic solvents to remove possible
contamination by oil-based mud (OBM). Tmax increased by only 1-2oC (which is within the
reproducibility error) as a result of solvent extraction. Thus, any reduction of Tmax due to
contamination can also be excluded. In addition, the effect of bitumen migration on the
possible reduction of Tmax can be neglected in the Bakken Shale due to the fact that this
source rock generally contains in-situ generated bitumen, not migrated bitumen
(migrabitumen)(Abarghani et al., 2019). In-situ conversion of telalginite to early-forming
bitumen is well-known (Mastalerz et al., 2018). During this process, telalginite (parent
maceral) is converted gradually into fluorescing bitumen without having to invoke
hydrocarbon migration. The fluorescence intensity of the generated bitumen decreases with
increased maturity. In addition to the TOC content of the samples, the type of the organic
matter (Peters, 1986), mineral matrix in organic lean sediments (Espitalié et al., 1985; Sari
et al., 2015), sulfur content of the samples (Orr, 1986; Bolin et al., 2016) are other factors
to consider while using Tmax as a thermal maturity indicator. For this reason, researchers
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have recommended that pyrolysis derived maturity interpretations should be supported by
other means of analysis, such as vitrinite reflectance or liptinite group maceral fluorescence
(e.g., Peters, 1986; Carvajal-Ortiz and Gentzis, 2015). From Table 4-2, it can be found that
Tmax values vary from 410 to 453 °C, which represents a wide range of maturity, from
immature to late mature (Peters and Cassa, 1994). This is confirmed by the fluorescence
colors of the liptinite macerals, mainly marine telalginite (Figure 4-3, A and D). Although
the fluorescence color of telalginite depends on the type of algae (unicellular or colonial)
and environment of deposition (marine or lacustrine) among others factors (Stasiuk, 1994;
Araujo et al., 2014; Fonseca et al., 2018), their color under UV excitation was used, in a
qualitative manner, to assess the level of maturity of the organic matter in this study. The
telalginite colors vary from pale greenish (immature; pre oil-window stage) to goldenyellow (mature; early-middle oil window), to dull-yellow to light-brown (mature; peak oil
window), to dark-brown (late mature; upper oil window) (Hagemann and Hollerbach,
1981; Stach et al., 1982; Thompson-Rizer and Woods, 1987; Dembicki, 2016). This is in
good agreement with the maturity determined by reflectance.
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Figure 4-2. Rock-Eval 6 pyrograms of the Bakken Shale samples. A. Well-formed narrow S2 peak without any ‘shoulder’
(well No. 12, depth 9453.5 ft). B. Relatively poor-quality pyrolysis pyrogram showing a broad and skewed S2 peak and
a low-temperature ‘shoulder’ (S2 content of this sample is 0.38 mg HC/gr Rock, well No. 8, depth 8932.5 ft). This sample
was not included in this study.
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A

B

C

D

Figure 4-3. Liptinite group maceral fluorescence under the UV light. (A) Pale greenish yellow fluorescence in a
telalginite Tasmanites particle in an immature sample, depth 8291.7 ft. (B) Golden-yellow fluorescence in a telalginite
particle in an early mature sample, depth 7707.2 ft. (C) Dull-yellow fluorescence in a bituminized telalginite particle
that is at the peak of the oil window, depth 10541 ft. (D) Orange to light brown fluorescence of bitumen derived from
telalginite in the late mature stage,, depth 11159 ft. All photomicrographs were taken using a 50X oil immersion objective.
UV light parameters were as follows: Excitation filter was at 465 nm; combined dichroic and barrier filters have a cut
at 515 nm.

The TOC content in the studied Bakken samples varied from 3.53 to 21.22 wt.%, with a
mean value of 13.5 wt.%. Bivariate plot (Figure 4-4) of each redox-sensitive trace metals
versus TOC (wt.%) demonstrated that most samples, regardless of their maturity, plot in
the anoxic/euxinic regions (Algeo and Maynard, 2004), in agreement with previous studies
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(e.g., Nandy et al., 2015; Scott et al., 2017; Abarghani et al., 2018). Plotting the redoxsensitive trace metals from all samples versus Tmax (Figure 4-5) showed that the TMs in all
samples increased in concentration with an increase in Tmax but at different rates. While
Mo, V, and Ni (Figure 4-5, C, A and D) exhibited larger relative rates of increase, Cr, Cu,
and Zn (Figure 4-5, F, B and E) showed slower relative rates. In some samples (particularly
those at peak maturity) different concentrations of TMs were measured even though the
samples had the same Tmax (Figure 4-5) This could be due to the original concentration of
the TMs in those samples during deposition.
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D

E

F

Figure 4-4. Redox-sensitive TMs distribution versus TOC in four different stages of thermal maturity (A-F). All trace
metals concentrations are Al-normalized (×10-4). Most samples are in the anoxic/euxinic regions. Anoxic and euxinic
thresholds from Algeo and Maynard (2004).
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D
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F

Figure 4-5. Trace metals enrichment patterns versus Tmax in four different stages of thermal maturity (A-F). All trace
metals concentrations are Al-normalized (×10-4).
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4.4.2 Solid bitumen reflectance
Vitrinite reflectance as a major maturity parameter (e.g., Jones et al., 1984; Scheidt and
Littke, 1989; Mukhopadhyay and Dow, 1994) can establish one of the most accurate
thermal maturity information for source rock evaluation. However, a major drawback of
this method is referred to as vitrinite scarcity or absence in pre-Devonian source rocks and
also in marine sedimentary rocks. A significant number of studies (e.g., Gentzis and
Goodarzi, 1990; Khorasani and Michelsen, 1993; Mukhopadhyay, 1994; Landis and
Castaño, 1995; Schoenherr et al., 2007; Kelemen et al., 2010; Mastalerz et al., 2018)
indicate that it is reasonable to use solid bitumen reflectance when vitrinite is absent
because vitrinite and solid bitumen follow similar maturation pathways with increasing
thermal maturity (Dembicki, 2016). In the scarcity/absence of the vitrinite in the Bakken
shale samples, solid bitumen (Figure 4-6, A-B) was used as the third thermal maturity
indicator. It can be seen from Figure 4-6, C that there is a reasonably good agreement
between SBRO% and Tmax values. Considering SBRO% vs TMs concentration, Mo and V
exhibited the highest rate of increase with thermal maturity (Figure 4-7, A and C), Cu
(Figure 4-7, B) showed a moderate rate of increase, whereas Ni and Zn (Figure 4-7, D-E)
had very similar but low rate. On the other hand, Cr (Figure 4-7, F) did not show any
meaningful relationship with SBRO%. Collectively though, one may conclude that a
relative increase in TMs concentration with increasing SBRO% (thus, maturity) is
recognizable in almost all samples.
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A

B

C
Figure 4-6. Solid bitumen reflectance was used as the second thermal maturity indicator in the scarcity/absence of
vitrinite maceral. Photomicrographs of the Bakken solid bitumen samples. (A) Solid bitumen particle with intermediate
reflectance (BRO,ran=0.65%), Well #6, depth 7631 ft. (B) Elongated grain of solid bitumen (BRO,ran=0.35%), Well #14
depth 9673.3 ft. Both photomicrographs were taken using a 50x oil immersion objective. (C) There is a good agreement
between SB-derived RO and Tmax.
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F

Figure 4-7. Trace metals enrichment patterns versus SBRO% in four different stages of thermal maturity (A-F). All trace
metals concentrations are Al-normalized (×10-4).
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4.4.3 NMR spectroscopy
The complexity of shale plays in terms of constituent components has led to a growing
need to employ new analytical methods for better understanding of OM conversion to
hydrocarbon and related processes. Nuclear Magnetic Resonance (NMR) has recently
gained attention and acceptance in the analysis of unconventional shale plays. In an NMR
experiment, the longitudinal (T1) and the transverse relaxation times (T2) are measured
(Odusina and Sigal, 2011; Ozen, 2011; Tinni et al., 2014; Romero-Sarmiento et al., 2017).
T1 is the decay constant for the recovery of the z component of the nuclear spin
magnetization (Mz), towards its thermal equilibrium value (Mz, eq). T2 is the decay
constant for the component of M perpendicular to a magnetic field (B0) designated Mxy,
MT, or

﬩.

In general, the following equations (Eq. 4.1 through 4.4) explain how T1 and

T2 can be obtained through inversion:

( )=

,

(0) − [

,

(0) −

(0)]

(Eq.4.1)

For instance, initial xy magnetization at time zero will decay to zero as:

( )=

(0)

(Eq.4.2)

The resulting relaxation time distribution can be correlated with the distribution of pore
sizes (Hürlimann et al., 2002; Washburn and Birdwell, 2013). When low-viscous fluids are
filled the void spaces in a porous material, the effect on the measured T2 is defined as
follows (Kleinberg and Horsfield, 1990):
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=

+

+

where S is the pore surface area,
the volume of the pores,

(Eq.4.3)

is the surface relaxivity of the pore surface for T2, V

is the gyromagnetic ratio, D is the diffusion coefficient of the

fluid, G is the magnetic field gradient, and TE is the echo spacing (Washburn and Birdwell,
2013). The T1 response for low viscous fluids in porous materials is similar, though
unaffected by the presence of internal gradients:

=

where

+

(Eq.4.4)

is the surface relaxivity of the pore surface for T1. High-frequency NMR

compared to low frequency provides a better signal-to-noise ratio in a rapid acquisition,
which makes it an ideal tool to detect and distinguish signals from all sources of hydrogen
nuclei in bulk samples (including water, hydrocarbon, solid organic matter, and hydroxyl)
that can be separated based on their location on the NMR T1-T2 map (Fleury and RomeroSarmiento, 2016) (Figure 4-8, A). Khatibi et al. (2019) utilized the amplitude of hydrogen
in each zone and proposed that NMR signals can be used as maturity indicators. They
explained that, since NMR can detect different sources of hydrogen population in the
samples, the organic matter zone (2) on the T1-T2 map could be considered as a new
maturity index. Considering the fact that hydrogen content of organic matter decreases with
thermal maturity, a relationship between maturity and hydrogen content in Region 2 (as a
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hydrogen indicator of organic matter) could become an additional analytical tool for
source-rock evaluation in terms of thermal maturity.

A

B

Figure 4-8. T1-T2 map of a sample from Well # 7, depth 8279 ft; Regions (1) to (4) correspond to hydroxyl/bound water,
solid organic matter, hydrocarbon in organic pores, liquid hydrocarbon in porous media, respectively. (B) There is a
good correlation between NMR spectroscopy derived thermal maturity and Tmax.

Based on the method proposed by Khatibi et al. (2019), the NMR signal amplitude from
Region 2 (organic matter) was plotted versus Tmax of all samples and showed a reasonably
good correlation (Figure 4-8, B). Therefore, the NMR signal amplitude can also be used as
a thermal maturity indicator in this study. Cross-plotting redox-sensitive TMs versus NMR
signal amplitudes denoted that, although this new thermal maturity index and Tmax correlate
well, there are still few discrepancies when compared to other thermal maturity plots.
Based on bivariate plots, it can be seen that Mo and V (Figure 4-9, A and C) exhibited the
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smallest rate of increase with thermal maturity, Ni (Figure 4-9, D) exhibited the highest
rate of increase with NMR signal amplitude, Zn and Cr (Figure 4-9, E-F) a moderate rate,
and Cu (Figure 4-9, B) exhibited a low rate. Generally, a relatively weak increase in TMs
concentration rate was also noticeable with maturity advance vs. the NMR signal
amplitudes, however, results showed less sensitivity of NMR spectroscopy to TMs
concentrations compared to Tmax or solid bitumen reflectance.
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Figure 4-9. Trace metals enrichment patterns versus NMR signal amplitude in four different stages of thermal maturity
(A-F). All trace metals concentrations are Al-normalized (×10-4).
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4.5 Discussion
As discussed by Algeo and Maynard (2004), sulfur-reducing bacteria activities could
release Mo from organic matter into connate waters in anoxic/euxinic environments. They
also argued that free H2S in the water column could possibly accelerate the authigenic
sulfide-forming compounds and increase the diffusion of Mo. The Bakken Shale is rich in
pyrite (FeS2), which could be the source of sulfur for H2S based on certain geochemical
reactions (Worden et al., 1995). However, Gaspar et al. (2016) argued that such reactions
could not have taken place in the Bakken Shale because reservoir conditions were not
thermodynamically appropriate for pyrite oxidation (Holubnyak et al., 2011). Gaspar et al.
(2016) performed a detailed study on the produced waters from the Bakken in order to
determine whether the source of H2S in the Bakken was biogenic or thermogenic. They
concluded that H2S cannot have a biogenic source since measurable DNA from any microorganism was not found in the samples. Thus, they proposed a thermogenic source for the
H2S based on sulfur isotope analysis, where the δ34S concentration of 10‰ and higher was
considered thermogenic and values between 0-10‰ reflect both biogenic/thermogenic
generation origin for H2S (Fichter et al., 2012; Gaspar et al., 2016).
Thermal maturity not only will increase the thermogenic H2S level but also could speed up
the process by releasing more sulfur from the organic matter (especially kerogen Type IIS) through conversion to petroleum and other by-products. As a result, the diffusion and
concentration of Mo in the pore water in the shale matrix will increase. Conversion of
organic matter to petroleum and its by-products through an increase in thermal maturation
can lead to high levels of dissolved H2S (~10mM) in the bottom or pore water, as proposed
by Scott et al. (2017), which has caused hyper-enrichment of V in the Bakken Shale. Algeo
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and Maynard (2004) have also addressed the effect of H2S on the concentration of V. They
argued that under excessive reducing conditions, V could be taken by geoporphyrines or
directly deposited as vanadium oxides in the presence of free H2S (Breit and Wanty, 1991;
Wanty and Goldhaber, 1992; Algeo and Maynard, 2004). Scott et al. (2017) proposed a
biogeochemical source for the hyper-concentration of Zn through sulfide-oxidizing
bacteria by comparing the Bakken Shale with a modern era Framvaren Fjord (Norway)
depositional environment. This can explain the initial origin of the concentration of Zn in
sediments but fails to illustrate Zn enrichment with thermal maturity considering the
observations made by Gaspar et al. (2016).
Algeo and Maynard (2004) discussed that Zn could be released from the organic matter
through the activity of sulfate-reducing bacteria. Zinc could be absorbed later by authigenic
Fe-sulfides during the burial of sediments. Thermal maturity may increase the enrichment
of Zn through the formation of more authigenic Fe-sulfides that can absorb the released Zn
from the organic matter. Similar processes were proposed for sulfate-reducing bacteria and
also for the role of Fe-sulfides in up-taking the liberated Cu in solid solution (e.g., HuertaDiaz and Morse, 1992; Achterberg et al., 1997; Morse and Luther, 1999; Algeo and
Maynard, 2004). In the presence of sulfur under the euxinic conditions, Cu could directly
be precipitated as CuS or Cu2S (Algeo and Maynard, 2004). Ni also could be precipitated
as NiS under euxinic conditions or be absorbed by authigenic pyrite (Huerta-Diaz and
Morse, 1992; Algeo and Maynard, 2004). Cr also could get liberated by remineralization
of the organic matter during thermal maturity advance since it has been reported that Cr is
commonly associated with organic matter in modern environments (Francois, 1988; Algeo
and Maynard, 2004). Due to incompatibilities (structural/electronic) of Cr with pyrite
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crystals, the role of up-taking by authigenic Fe-sulfides and enrichment of Cr is assumed
to be very limited (Huerta-Diaz and Morse, 1992; Morse and Luther, 1999; Algeo and
Maynard, 2004).
Most researchers have considered epigenetic sources, such as volcanic/hydrothermal
activities or interaction with basinal brines during the geological time, to explain TMs
enrichment (Gustafson and Williams, 1981; Calvert and Pedersen, 1993). Based on the
above discussion, thermal maturity should play an important role in organic matter
remineralization/decomposition through the conversion of the organic matter into
petroleum and other by-products. During this process, some elements (including sulfur) are
released and liberated into the pore water, which could generate free H2S and accelerate
the above mentioned chemical reactions and cause the enrichment of TMs in the sediments
by direct precipitation of sulfide compounds or up-taking in the form of Fe-sulfides.
Consequently, the content of organic sulfur would decrease in the residual organic matter.
The decrease in total sulfur content in the kerogen structure with an increase in thermal
maturity has been discussed by Kelemen et al. (2007) based on X-ray photon spectroscopy
(XPS) analysis of the Devonian Duvernay Shale in Western Canada and also for an Asian
located proprietary source rock. It should be noted that organic sulfur in aliphatic and
aromatic compounds is found in all types of kerogen (Kelemen et al., 2007).
In this study, a combination of four different methods was employed to better illuminate
thermal maturity interpretation. Any of the above maturity indicators, including pyrolysisderived Tmax, the fluorescence color of telalginite, solid bitumen reflectance and, finally,
NMR spectroscopy is sensitive to specific characteristics of the organic matter but to a
different degree. For instance, while Tmax or NMR spectroscopy considers chemical

125

Chapter 4

properties, solid bitumen reflectance represents physicochemical changes that occur within
the OM structure with maturation. Therefore, a combination of all available thermal
maturity indicators can lead to a more dependable interpretation of the OM chemical and
physical maturity state. The results of this study showed that Tmax has a direct relationship
with the enrichment of all studied TMs. As mentioned earlier, Tmax is a direct function of
petroleum generation/expulsion and could support the idea that TMs enrichment will
increase with OM conversion to petroleum in source rocks. The conversion also increases
OM aromaticity and generates a more ordered macromolecule (Hackley and Lewan, 2018;
Khatibi et al., 2018b).
Although there was a good agreement between Tmax and thermal maturity derived from
SBRO% and NMR spectroscopy, relatively different trends between these two maturity
indices and NMR spectroscopy in particular with TMs enrichment were observed. Utilizing
solid bitumen reflectance as an indicator of thermal maturity should be done with care due
to the existence of different population/generation of solid bitumen with various reflectance
properties in the source rocks (Gentzis and Goodarzi, 1990; Landis and Castaño, 1995;
Mastalerz et al., 2018). Furthermore, even within a single solid bitumen particle, variations
in morphology, texture and the degree of anisotropy is reported (Lomando, 1992; Landis
and Castaño, 1995; Mastalerz et al., 2018). Considering these effects, selection of the most
appropriate population of solid bitumen could result in a more accurate thermal maturity
interpretation. In this study, the reflectance of the solid bitumen population selected was in
a good agreement with Tmax, hence a similar TMs enrichment with increased thermal
maturity was attained. Additionally, NMR spectroscopy as a proposed new indicator of
thermal maturity (Khatibi et al., 2019) was also utilized to examine the applicability of this
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method to investigate TMs enrichment. However, the general trend of the TMs
concentration patterns depicted a relatively weak increase in the concentration of these
elements in the shale matrix, with a lower sensitivity compared to other maturity indicators.
This might be due to the NMR sensitivity towards magnetic and iron-bearing minerals,
such as pyrite (which is abundant in the Bakken Shale) and ilmenite, which can affect the
relaxation times and cause overlapping boundaries of different hydrogen populations in the
T1-T2 maps. Therefore, it would be beneficial to employ a combination of all possible
thermal maturity methods to better understand the effect of thermal maturity advance in
TMs enrichment pattern.

4.6 Conclusion
Four different thermal maturity indices including programmed pyrolysis derived Tmax,
liptinite group maceral UV fluorescence, solid bitumen reflectance, and NMR
spectroscopy was selected in order to study the effects of maturity variation on the
concentration of redox-sensitive trace metals. The UV fluorescence color of marine
telalginite was used to confirm the Tmax – derived maturity levels. Comparing TMs
concentration with TOC contents indicated the presence of anoxic/euxinic conditions in
the depositional environment of the Bakken Shale. The concentration of TMs vs. some
direct indicators of thermal maturity (solid bitumen reflectance and Tmax) was found to
better represent such variations for specific TMs compared to indirect maturity indices
(NMR signal amplitude). In this regard, Mo, V, and Ni concentration variations, relatively
exhibited a stronger relationship with maturity indices compared to Cu, Zn, and Cr.
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Overall, a slightly positive to neutral correlation was detected between the enrichment of
TMs with all thermal maturity indices for all redox-sensitive trace metals. This means that
thermal maturity could have an important role in redox-sensitive trace metals concentration
in source rocks. With the increase in maturity and generation of hydrocarbons from OM,
some trace metals could be released and liberated from the organic matter structure directly
and enter the connate water. Furthermore, releasing sulfur from the organic matter with
thermal maturity could provide sulfur as a source of thermogenic H2S, which would
accelerate the chemical reactions necessary for the additional concentration of TMs or form
authigenic Fe-sulfides later as a result of the capability of up-taking most of the trace metals
and increasing their concentration in the pore water. Among the utilized thermal maturity
indicators, the programmed pyrolysis derived Tmax had the most direct relationship with all
studied TMs, which supports the notion of thermal maturity increase on TMs enrichment
in source rocks.
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A Chemo-mechanical Snapshot of InSitu Conversion of Kerogen to Petroleum

Arash Abarghani, Mehdi Ostadhassan, Paul C. Hackley, Andrew E. Pomerantz, Siamak Nejati

Abstract
Organic matter (OM) from various biogenic origins converts to solid bitumen in-situ, when
it undergoes thermal maturation. It is well documented that during this process, the ratios
of both hydrogen and oxygen to carbon will decrease, resulting in an increase in OM
aromaticity and molecular chemo-mechanical homogeneity. Although there have been
extensive efforts to reveal molecular alteration occurring to OM during conversion, in-situ
and continuous observation of such alterations on naturally occurring samples is missing.
Therefore, evaluation of previous results cannot be made independent from natural sample
variability. In this study, we identified OM particles (Tasmanites) that are evolving in-situ
into solid bitumen in the Bakken Formation Shales. This in-situ bituminization allows
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examination of a continuous transformation in OM molecular structure at micron-scale
using AFM based IR spectroscopy applied at the transition/interface zone. Moreover,
contact mode in the AFM was employed to reveal and relate changes in mechanical
properties at a similar scale of measurement. Understanding these chemical and mechanical
alterations is important to understand shale reservoir properties and better explain
hydrocarbon generation, expulsion, and migration processes at the microscale.
Keywords: Kerogen, Organic petrology, AFM based IR Spectroscopy, Chemo-mechanical properties, Solid
bitumen reflectance

5.1 Introduction
Understanding the process of petroleum generation from kerogen can be achieved by
analysis of nanoscale chemical and physical properties of the organic matter at progressive
stages of thermal maturation. However, maturation pathways of organic matter vary based
on its chemical and molecular structure, inherited from its biogenic origin (Tyson, 1995;
Garcette-Lepecq et al., 2000; Dembick, 2016), resulting in heterogeneity that is still
retained in the organic matter at oil and gas window thermal maturity conditions
(Bordenave, 1993; Pan et al., 2009; Schito et al., 2017; Yang et al., 2017). This is
significant since organic matter is abundant in shale plays and influences or controls
reservoir mechanical, storage and transport properties (Curtis et al., 2012; Chen and Xiao,
2014). Therefore, evaluation of a single organic matter particle in-situ in a continuous
manner of thermal maturity progression may provide a new understanding of mechanisms
related to petroleum generation, migration, and accumulation. Based on the above,

130

Chapter 5

conversion of Type II kerogen to petroleum in organic-rich formations such as the Bakken
has been extensively studied (Stasiuk, 1994; Robison, 1997; Hackley et al., 2017). As
discussed by Hackley et al. (2017) in similar Devonian-Mississippian shale, at the mid-oil
window stage it is possible to identify remnants of the parent kerogen (here Tasmanites)
along with evidence for its petroleum conversion product in the form of retained solid
bitumen. However, the small size of these shale organic components and limitations of
typical analytical instruments are the main obstacles to studying them in-situ to reveal
chemo-mechanical variations during the conversion process (al Sandouk-Lincke et al.,
2013; Hackley et al., 2017). For example, micro-FTIR cannot examine chemical transitions
within individual macerals at sub-micron scale (Yang et al., 2017; Khatibi et al., 2019). In
this study, the transition/interface zone between remnant oil-prone kerogen and its solid
bitumen conversion product is the region of interest (ROI) (Chen et al., 2015; Wei et al.,
2016; Gasaway et al., 2017; Hackley et al., 2017). To be more specific, here the
transition/interface zone denotes where fluorescence emission intensity fades gradually
from a parent maceral (here Tasmanites) towards its solid bitumen conversion product (the
secondary maceral).
Recent advancements in nano-spectroscopy methods such as atomic force microscopybased infrared spectroscopy (AFM-IR) have enabled evaluation of the molecular structure
of organic and inorganic materials at unprecedented resolutions (Dazzi et al., 2012;
Centrone, 2015; Ruggeri et al., 2015; Yang et al., 2017; Kebukawa et al., 2019). This
method overcomes previous diffraction-limited resolution in IR spectroscopy which was
restricted to measurements at the scale of microns (Kebukawa et al., 2019). The sub-micron
spatial resolution of AFM-IR allows detection of gradual alteration of organic matter
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molecular structure with the thermal advance in petroleum source rocks (Chen et al., 2015;
Wei et al., 2016; Gasaway et al., 2017; Yang et al., 2017) and has been used to map
chemical and mechanical properties at the nanoscale for organic and inorganic materials
(Dazzi et al., 2012; Centrone, 2015; Yang et al., 2017; Kebukawa et al., 2019). For
example, this method was used by Yang et al. (2017) to delineate chemical and mechanical
properties of individual macerals (inertinite, Tasmanites, and solid bitumen) from the
organic-rich Middle Devonian-Lower Mississippian New Albany Shale.
In this study, samples were selected at early and peak mature stages from the Lower Bakken
shale, based on geochemical screening, solid bitumen reflectance and fluorescence
properties of the liptinite group macerals. Sample organic matter was examined by AFMIR spectroscopy at the interface/transition zone between Tasmanites and in-situ produced
solid bitumen to map the gradual and continuous chemical and mechanical variations that
developed during the conversion process. Here, we report a variation in chemo-mechanical
properties during the transition from kerogen to petroleum in the marine algal kerogen
Tasmanites. The focus of our study in the transition zone between kerogen and petroleum
makes our analysis independent from variability that originates from OM biogenic origin
and burial history such as present in the previous study by Yang et al. (2017).
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5.2 Methods
5.2.1 Optical microscopy, organic petrology, and solid bitumen reflectance
Polished epoxy-mounted whole-rock pellets were prepared from Lower Bakken Shale
member samples and detailed organic petrography studies were completed using incident
white light and ultraviolet light under oil immersion. Two samples were selected from
different levels of thermal maturity based on liptinite group maceral fluorescence and
programmed pyrolysis outcomes. Due to the absence of vitrinite in the samples, solid
bitumen reflectance SBRO (%) was measured as an additional proxy for thermal maturity.
Then through interpolation techniques (convergent method), SBRO maps were prepared
and used to obtain an SBRO value at the location where IR spectra were acquired. Solid
bitumen reflectance (SBRO) and UV light analysis (fluorescence) was performed using a
LEICA DM 2500-P with oil immersion objectives and J&M photometer TIDAS S MSP200 under ASTM protocols (ASTM, 2014) with a Sapphire and a GGG (GadoliniumGallium-Garnet) calibration standards of 0.589% Ro and 1.716% Ro, respectively. Analysis
under UV light was performed using excitation filter BP 355/425, dichromatic mirror 455,
and long-pass filter LP 470 size K.

5.2.2 Geochemical screening of the bulk shale samples
Samples were analyzed un-extracted by a Weatherford Source Rock Analyzer (SRA)
instrument using the Basic/Bulk-Rock method (Behar et al., 2001). For this purpose, 60 mg
of ground bulk rock powder was placed in crucibles. Samples were heated for three minutes
isothermally under an inert (nitrogen) atmosphere in the pyrolysis oven and the temperature
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increased to 650 ˚C at a rate of 25 ˚C/min. Residual organic carbon from the pyrolysis stage
was subsequently combusted in a second oven (oxidation oven) to derive the geochemical
parameters S1 and S2 (milligrams of hydrocarbon per gram of rock) , S3 (milligrams of
organic carbon dioxide per gram of rock), S4 (milligrams of carbon per gram of rock),TOC
(wt.%), and Tmax (˚C). Reported values (Table 5-1) are obtained after 3 experiment
repetitions for each sample. S1, S2, and S3 represent free hydrocarbon content, the amount
of hydrocarbons produced during pyrolysis, and the amount of CO2 generated during the
process, respectively. S4 is the remaining organic matter in the sample after pyrolysis
(residual carbon obtained after oxidizing at 600°C). Tmax is the temperature of the
maximum S2 peak. Total organic carbon (TOC = PC + RC, where PC is 0.83 × [S1 + S2]/10,
and RC is S4/10; Espitalie, 1982). Hydrogen index (HI=S2×100/TOC), oxygen index
(OI=S3×100/TOC) for kerogen typing, and production index (PI=S1/S1+S2) are calculated
using the reported output parameters from the programmed pyrolysis (Lafargue et al., 1998;
Behar et al., 2001).

5.2.3 IR and AFM measurement and analysis
The two samples were analyzed using the commercial ANASYS NanoIR2-S instrument.
In this instrument, an AFM probe tip and IR laser are co-located with the probe tip in
contact with the target area on the sample surface. An infrared laser beam illuminates the
AFM tip, which is in contact with the surface of the sample and causes thermal expansion
of the target area in the form of absorption that is detected by the fine AFM tip. This would
result in an oscillation of the AFM cantilever where measuring the cantilever amplitude
generates AFM-IR absorption spectra for that specific location on the surface of the
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sample. IR spectra were collected with a spectral resolution of 4 cm-1, averaging each data
point over 256 pulses and utilizing two different laser sources (high and low frequencies).
The images were acquired at a scan rate of 0.2 Hz and retrace rate of 0.5 Hz for 20 × 20
μm, and 50 × 50 μm ROIs with a resolution of 256 × 256 pixels with spatial resolution < 1
μm. AFM contact mode (ANASYS Instruments, PR-EX-NIR2 model probes) with the
resonance frequency of 13 ± 4 kHz and spring constant of 0.07−0.4 N/m were used with a
bandpass filter centered at ~180 kHz with a 50 kHz window. After acquiring AFM-based
topographic maps, the IR spectra were collected from the samples at desired locations
focusing at the interface/transition zone. Prior to acquisition of each spectral data point, the
IR laser beam was optimized at 1450 cm−1, 1600 cm−1, and 2920 cm−1. IR spectra were
subsequently collected in the range of 912-1958 and 2700-4000 cm-1. The commercial
Asylum MFP-3D-BIO AFM with the lowest noise single molecule force measurements
(cantilever deflection noise <15 pm and spring constant calibration of 65 N/m) was utilized
for acquiring geomechanical parameters and producing Young's modulus maps for both
samples. This was done through the equipment software by assuming a Poisson’s ratio of
0.3 (as measured for OM – Eliyahu et al., 2015) where contact resonance frequency is
converted to Young’s modulus values (Hurley, 2009).
Localized IR spectra were analyzed using Spectragryph (V.1.2.10; Menges, 2018) and
Fityk (V.0.9.8; Wojdyr, 2010) software. The localized IR spectra were analyzed by
Spectragryph software following a workflow including spectra smoothing (Savitzky-Golay
method, Interval: 10; polynomial order: 3), baseline removal (adaptive method), and then
normalized (setting the highest peak of each spectrum to a value of 1) in order to eliminate
the effect of absorbing material thickness on the absolute intensities of IR spectra (Yang et
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al., 2017). Curve fitting was done by the Fityk software utilizing the Gaussian curve
functions and the Levenberg–Marquardt algorithm to provide a mathematical restoration
of the evaluated peaks from the processed IR spectra. In this study, reconstructed fit peak
centers generally are within a few cm-1 from the initial localized IR spectra, and all the
ratios and indices were calculated from integrating the area under the peaks. Following the
suggested workflow by Craddock et al. (2015) and Yang et al. (2017), the spectral regions
at 1500−1800 cm−1, and 2800−3100 cm−1 were resolved to discrete bands. The 2800–3000
cm−1 bandwidths was resolved into the following discrete bands: symmetrical CH2
stretching (2850 cm−1), symmetrical CH3 stretching (2861 cm−1), C-H stretching (2890
cm−1), asymmetrical CH2 stretching (2925 cm−1), and asymmetrical CH3 stretching (2967
cm−1). Integrated peak areas arising from 2967 and 2925 cm−1 were used for calculating
the CH3/CH2 ratio. Integrated peak area under 1500-1800 cm-1 was used for oxygenated
functions in calculating Ali/Ox ratio. This bandwidth also was deconvoluted as three
distinct peaks centered at 1600, 1630 and 1710 cm

−1

to compute ‘A’ and ‘C’ factors.

Integrated peak areas arising from 1370 and 1450 cm−1 (C–H blending, aliphatic
compounds) were also resolved in the bandwidths of 1300–1500 cm−1 for the purpose of
computing the IR indices. Integrated peak area under 3000-3100 cm-1 was used for
aromatic C–H stretching in calculating aromaticity.
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5.3 Results
5.3.1 Evaluation of shale rock
Samples were taken from the Bakken Formation in Williston Basin, a prolific
unconventional shale play in North America (Sonnenberg and Pramudito, 2009). The Late
Devonian - Early Mississippian Bakken Formation consists of four members, in ascending
stratigraphic order; mixed siliciclastic-carbonate deposits in the Pronghorn member, black
organic-rich lower Bakken shale, carbonate-rich organic-lean fine-grained sandstone and
siltstone in the middle member, and the uppermost organic-rich upper Bakken shale
member (LeFever et al., 1991; LeFever, 2008; Bottjer et al., 2011; Johnson, 2013; Theloy
et al., 2017). The existence of all stages of thermal maturity (from immature to relatively
post-mature) makes the formation a unique case for geochemical studies (Webster, 1984).
Detailed organic petrography studies of the shale members (Gentzis et al., 2017; Abarghani
et al., 2018; Abarghani et al., 2019) show that homogeneous solid bitumen, granular solid
bitumen, amorphous matrix bituminite, granular micrinite, sporinite, unicellular marine
alginite (Tasmanites, Leiosphaeridia, and unidentified prasinophytes or acritarchs),
unstructured algal fragments, inertinite, and minor zooclast-like fragments are present.
Samples for this study were selected from the Lower shale member of the Bakken
Formation at early mature and peak mature conditions based on results from programmed
pyrolysis (Table 5-1) and ultraviolet (UV) fluorescence characteristics of liptinite group
macerals. Total organic carbon (TOC) contents of 8.65 wt.% (sample 1, peak mature) and
17.64 wt.% (sample 2, early mature) were documented. Sample 1 is peak mature (Peters
and Cassa, 1994) with Tmax of 445 °C, hydrogen index (HI- as a proxy for the atomic H/C
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ratio of kerogen) of 208 mg HC/g TOC, and production index (PI - Espitalie et al., 1985)
of 0.29. Additionally, the dull golden yellow to light-orange fluorescence color of alginite
under UV light confirms this sample is in the middle stage of the oil window. Mean solid
bitumen reflectance (SBRO) of 0.74% was obtained from 71 measurements in a region of
interest (ROI) later examined by AFM-IR spectroscopy (Figure 5-1, A, B and C). It should
be noted that SBRO measurements were used to generate SBRO maps of the ROIs via
geostatistical methods (convergent algorithm) to enable estimation of the equivalent SBRO
of the points where AFM-IR spectra were acquired. Sample 2 is early mature as verified
by Tmax of 437 °C, HI of 534 mg HC/g TOC, and PI of 0.10. An early mature stage is further
supported by alginite fluorescence colors of pale greenish-yellow to golden-yellow (Figure
5-2, A, B and C). Mean solid bitumen reflectance (SBRO) of 0.33% was obtained from 48
measurements in a ROI, later probed via AFM-IR for chemical and mechanical variations.
Previous studies have proposed that solid bitumen reflectance can be used to evaluate
thermal maturity in the scarcity or absence of vitrinite, especially in marine sediments (such
as the Bakken case), and/or Lower Paleozoic strata (Gentzis and Goodarzi, 1990;
Khorasani and Michelsen, 1993; Mukhopadhyay, 1994; Schoenherr et al., 2007; Kelemen
et al., 2010; Mastalerz et al., 2018).

Table 5-1. Programmed pyrolysis data for the two samples from the lower shale member of the Bakken Formation studied
herein.

Sample
ID
1
2

Weight

S1

S2

Tmax

S3

TOC

HI

OI

mg

mg HC/g

mg HC/g

°C

mg CO2/g

wt.%

mg HC/g TOC

mg CO2/g TOC

--

60.7
60.7

7.46
10.76

18.01
94.24

445
437

0.31
0.35

8.65
17.64

208
534

4
2

0.29
0.10
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Organic petrography and UV light microscopy suggest Tasmanites (unicellular planktonic
marine algae) is transforming to solid bitumen in the ROIs examined by AFM-IR in this
study, i.e., an in-situ bituminization of kerogen to petroleum occurs. As discussed by
Mastalerz et al. (2018), in-situ conversion of alginite to solid bitumen is an important
pathway for petroleum generation wherein the alginite is replaced by pre-oil solid bitumen
without significant expulsion of hydrocarbons (Liu et al., 2017; Mastalerz et al., 2018).
Hackley et al. (2018) also discussed bituminization of amorphous organic matter including
degraded alginite remnants, using nine immature organic-rich source rocks to illustrate the
conversion process. In sample 1, fluorescence emission intensity fades while moving
inward from the edges to the center of the ROI, suggesting bituminization is more complete
towards the center of the Tasmanites. In the ROI, the fluorescence emission from the
original alginite is still visible at the margins of the particle (Figure 5-1, B). The organic
matter in the ROIs of both samples displays a remarkable heterogeneity in measured
SBRO% (Figure 5-1, C, Figure 5-2, C). Therefore, these ROIs present a unique opportunity
to investigate the interface or transition zone between the primary alginite kerogen and the
secondary petroleum produced in-situ as solid bitumen (Figure 5-1, D).
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Figure 5-1. A. Bedding-orthogonal photomicrograph (50X oil immersion objective under white incident light) of the ROI
in peak mature lower Bakken Formation shale (sample 1) showing in-situ bituminization of Tasmanites kerogen to
petroleum (solid bitumen). Zones ‘A’ and ‘B’ were selected for AFM-IR measurements at the transition/interface zone
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between fluorescent and non-fluorescent organic matter. B. Same view as A under UV light. C. SBRo% reflectance map
for the ROI based on 71 data points shown as black dots. D. Higher magnification views of ‘A’ and ‘B’ transition zones
showing a decrease in fluorescence emission from the margin towards the center of the ROI (boundary lines between
subzones with different fluorescence characteristics are approximate). E. Panoramic height map (topography) image of
zone ‘B’ showing acquisition locations of individual spectral data points (1-7). Red dashed lines are showing the
approximate boundaries between fluorescence intensity subzones. F. Nano-IR spectra of Zone 'B'; numbers correspond
to locations in Figure 5-1, E. G. Panoramic height map (topography) images of zone ‘A’ showing acquisition locations
of individual spectral data points (1-9). H. Nano-IR spectra of Zone 'A'; numbers correspond to locations in Figure 5-1,
G.
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Figure 5-2. A. Photomicrograph (50X oil immersion objective under white incident light) of the ROI in early mature
lower Bakken Formation shale (sample 2) showing in-situ bituminization of Tasmanites kerogen to petroleum (solid
bitumen). Zone ‘A’ was selected for IR measurements at the transition/interface zone between unaltered and bituminized
Tasmanites. B. Same view as ‘A’ under UV light showing fluorescence emission ranging from pale greenish-yellow to
golden-yellow. C. SBRo% reflectance map for the ROI based on 48 measurements shown as black dots. D. Height map
(topography) image of zone ‘A’ showing acquisition locations of individual spectral data points labeled 1-5. E. Nano-IR
spectra of Zone 'A'; numbers correspond to locations in Figure 5-2, D.
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5.3.2 Evolution of chemical composition
Here we evaluate geochemical variations across the interface between original alginite
kerogen and petroleum (solid bitumen) produced in-situ. Three interface zones were
selected based on organic petrography and fluorescence emission intensity, followed by
nano-IR spectral acquisition on systematic transects across the transition zones (Figure 5-1,
E and G; Figure 5-2, D). The following absorption bands were considered for
interpretation: 1) 1370 and 1450 cm-1, C-H bending in the methylene group, also including
CH3 and CH2-CH3 absorption bands, respectively, 2) 1500-1800 cm-1 as the oxygenated
group (Chen et al., 2015; Hackley et al., 2017) which also includes some important
aromatic ring stretch at 1600 cm-1 (olefinic/aromatic – Solomon and Carangelo, 1988; Lis
et al., 2005; Painter et al., 2012; Chen et al., 2015), 3) 2800-3000 cm-1, and 4) 3000-3100
cm-1 representing aliphatic C-H and aromatic C-H stretching, respectively. Integrated areas
under the regions of oxygenated functions (1500-1800 cm-1), aliphatic stretching (28003000 cm-1), and aromatic stretching (3000-3100 cm-1) were used to determine IR indices.
We also computed the most commonly used indices for chemical variation including
CH3/CH2 ratio (using 2967 cm-1/2925 cm-1; C-H region, aliphatic stretching – Painter et
al., 1981) for aliphatic chain length and branching level (Lis et al., 2005), ‘A’ and ‘C’
factors (Ganz and Kalkreuth, 1987), and also the Ali/Ox ratio (Hackley et al., 2017) defined
as the ratio of 2800–3000 cm-1 (aliphatic stretch) to 1500-1800 cm-1 (oxygenated
functions). Considering the CH3/CH2 indices, this ratio in the studied samples did not
generate any meaningful trends on the data acquisition trajectories in the ROIs from both
samples. The average CH3/CH2 ratio differs slightly between the two samples (0.26 vs 0.33
in sample 1 and 2, respectively, here using 2967 cm-1/2925 cm-1 ratio,
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Table

5-2).

Moreover, any specific trends were not recognized in both samples regarding

the Ali/Ox ratio as well. Natural chemical heterogeneity of the parent Tasmanites which
has been addressed by other researchers (Hackley and Kus, 2015) may explain the
observations in the CH3/CH2 and Ali/Ox ratios in both samples.
Ganz and Kalkreuth (1987) defined ‘A’ (Peak2930+Peak2860/Peak2930+Peak2860+Peak1630)
and ‘C’ factors (Peak1710/Peak1710+Peak1630) based on absorption peaks at 2860 and 2930
cm-1 (CH2 and CH3 aliphatics), 1710 cm-1 (carboxyl and carbonyl groups) and 1630 cm-1
(aromatic C=C bonds) for quantification of aliphatic and carbonyl/carboxyl group
abundances, respectively. They suggested these factors could be used as proxies for H/C
and O/C ratios in the traditional Van Krevelen diagram for interpretation of kerogen types
and maturity trends (Lis et al., 2005). In this study, computation of Ganz and Kalkreuth
(1987) ‘A’ and ‘C’ factors did not result in any meaningful trends along the data acquisition
paths in ROIs from the early and peak mature samples (Table 5-2). ‘A’ factor varies from
0.48 to 0.92 (an average of 0.75) in the early mature ROI and from 0.57 to 0.99 (an average
of 0.85) in the peak mature ROI (Figure 5-3, A). ‘C’ factor ranges from 0.05 to 0.43 (an
average of 0.21) in the early mature ROI and from 0.05 to 0.94 (an average of 0.50) in the
peak mature ROI. Considering the bivariate plot of Ganz and Kalkreuth (1987), it is
observed that data from all ROIs follow the evolution paths of kerogen Type I, I/II and
possibly II considering the range of the standard error of mean for the calculated ‘A’ and
‘C’ factors (Figure 5-3, A). The pseudo Van Krevelen diagram (HI vs Tmax) of the bulk
samples also confirms the existence of similar kerogen Type II (Figure 5-3, B). However,
alginite (here Tasmanites) was the only identified maceral in the ROIs of both samples.
Tasmanites is kerogen Type II, however, the occurrence of the maceral Tasmanites as
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kerogen Type I has been also identified and reported by other researchers (Christopher,
1961; Stasiuk et al., 1990; Aderoju, 2016). Solid bitumen, amorphous matrix bituminite,
granular micrinite, sporinite, marine alginite (Leiosphaeridia, and unidentified
prasinophytes or acritarchs), unstructured algal fragments, inertinite, and minor zooclastlike fragments are other constituents of the organic facies which makes the bulk analysis
of the samples incapable of accurately characterizing the kerogen type in the pseudo Van
Krevelen diagram of Figure 5-3, B.

Figure 5-3. A. Ganz and Kalkreuth (1987) diagram using A- and C-Factor ratios from IR as proxies for H/C and O/C
ratios from the traditional pseudo Van Krevelen diagram for kerogen typing and maturity trends. B. Pseudo Van Krevelen
diagram (HI vs. OI) for samples 1 and 2.

The ARh 3000-3100 cm-1/AL 2800-3000 cm-1 index (Lis et al., 2005) in the ROIs of sample
1 demonstrates an overall increase from areas with higher intensity fluorescence emission
to areas without any fluorescence (Figure 5-1, D). This suggests chemical variance and
increasing aromaticity between parent kerogen and solid bitumen produced in-situ (Table
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5-2). This is correlative to SBRO increase and decrease in fluorescence emission (Figure
5-1, D). A bivariate plot of solid bitumen reflectance values versus ARh 3000-3100 cm1

/AL 2800-3000 cm-1 shows relatively strong linear correlation for zones ‘A’ and ‘B’ in

sample 1 (R2=0.89 and 0.91, respectively; Figure 5-4). SBRO is controlled by the
physicochemical properties of solid bitumen and its interaction with incident light; thus, it
is intuitive that SBRO should have a positive relationship with increasing aromaticity as
derived from IR spectra since it reflects the chemical structure of the organic matter.
However, no correlation between ARh and SBRO was observed in zone ‘A’ of sample 2
(R2=0.17). Since this sample is in the early stages of thermal advance, the lack of
correlation between SBRO and aromatic/aliphatic indices could refer to the natural
chemical heterogeneity of the parent Tasmanites which has been already addressed by
other researchers (Hackley and Kus, 2015). As a result of thermal advance, the overall
homogeneity of the solid bitumen increases which can improve the correlation between
these two parameters at some point. Though, regardless of the low correlation coefficient
that is observed here, an overall increase in SBRO with increasing aromaticity is clear in
the early mature sample as well (Figure 5-4). An inverse linear relationship between
CH2/CH3 and SBRO was reported for the Ohio Shale in both natural and artificially matured
(via hydrous pyrolysis) samples (Hackley and Kus, 2015; Hackley et al., 2017), however,
a similar relationship was not observed in the ROIs of the samples studied herein.
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Figure 5-4. Relationship between ARh 3000-3100/Al 2800-3000 vs. SBRO (%) in zones ‘A’ and ‘B’ in sample 1, and zone
‘A’ of sample 2. SE is the standard error. P-Value measures the data compatibility with the null hypothesis. Generally,
a lower P-Value denotes the rejection of the null hypothesis. A combination of high R2, low SE and P-Value indicates a
strong correlation between parameters. Numbers on data points correspond to measurements locations in Figure 5-1, E,
and 5-2, D.

In sample 2 the ARc 1600 cm-1/AL 1370 cm-1 index exhibits a trend of increasing
aromaticity from the margin toward the center of the bituminized Tasmanites along the
acquired trajectory (data points 2 to 5). Other indices including CH3/CH2, ARh 3000-3100
cm-1/AL 2800-3000 cm-1, ARc 1600 cm-1/AL 1370 cm-1, and Ali/Ox ratios were evaluated
but did not produce meaningful trends across the measured transect in Tasmanites and its
in-situ bituminization residue (Table 5-2). This could be due to the similarity between
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chemical structures of the parent Tasmanites and its bituminization product at the early
stages of thermal progression.

SBRo
(%)

CH3/CH2

Ali/Ox

A Factor

C Factor

ARh 3000-3100/AL 2800-3000

ARh 3000-3100/AL 1450

ARh 3000-3100/AL 1370

ARc 1600/AL 1370

1

---

0.09

0.98

0.86

0.25

0.16

2.43

1.10

3.11

2

---

0.09

0.96

0.97

0.94

0.19

3.86

1.09

0.38

3

---

0.96

0.98

0.99

0.80

0.20

1.71

1.28

3.64

4

0.79

0.10

1.04

0.99

0.72

0.23

1.05

0.60

0.17

5

0.83

0.07

1.05

0.81

0.10

0.27

3.01

1.88

0.09

6

0.85

0.04

1.15

0.73

0.16

0.29

6.00

2.78

0.85

7

0.82

0.02

0.95

0.89

0.79

0.26

2.14

1.01

2.57

8

0.83

0.03

1.07

0.98

0.79

0.27

4.32

1.58

0.68

9

0.84

0.08

0.99

0.73

0.05

0.26

3.68

1.05

0.68

Average

0.83

0.16

1.02

0.88

0.51

0.24

3.13

1.37

1.35

St. Dev.

0.02

0.30

0.06

0.11

0.36

0.04

1.51

0.64

1.36

1

0.69

0.69

0.84

0.98

0.89

0.16

2.31

3.09

10.48

2

0.17

0.17

1.00

0.57

0.07

0.17

2.47

10.28

33.14

3

0.05

0.05

1.01

0.71

0.64

0.22

3.99

5.72

9.63

4

0.35

0.35

0.92

0.93

0.40

0.22

3.13

8.13

16.19

5

0.78

0.78

0.93

0.86

0.13

0.27

4.85

11.39

8.41

6

0.37

0.37

0.86

0.79

0.40

0.28

8.85

4.51

5.83

7

0.23

0.23

0.81

0.84

0.86

0.28

4.91

0.82

1.44

Average

0.38

0.38

0.91

0.81

0.48

0.23

4.36

6.28

12.16

St. Dev.

0.27

0.27

0.08

0.14

0.33

0.05

2.24

3.85

10.28

1

0.29

0.29

1.04

0.96

0.79

0.25

8.35

2.02

0.21

2

0.29

0.29

1.03

0.69

0.05

0.39

4.53

25.63

0.74

3

0.03

0.03

1.01

0.48

0.13

0.33

4.93

15.95

1.61

4

0.71

0.71

1.01

0.91

0.43

0.37

3.85

4.82

1.91

5

0.33

0.33

1.17

0.92

0.22

0.39

4.12

71.61

2.61

Average

0.33

0.33

1.05

0.79

0.32

0.35

5.16

24.01

1.42

St. Dev.

0.24

0.24

0.07

0.20

0.30

0.06

1.83

28.22

0.95

Sample-2 A

Sample-1 B

Sample-1 A

Spectra

Table 5-2. SBRO and main IR ratios of two samples studied herein, summarizing transition zones analyzed by nano-IR.
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5.3.3 Nanomechanical properties
Representative zones between mineral matrix and bituminized Tasmanites in the ROI from
the early mature sample (zone ‘B’ in sample 2), and between unaltered Tasmanites and
bituminized Tasmanites in the ROI of the peak mature sample (zone ‘A’ in sample 1) were
selected for mechanical analysis (Figure 5-6, A-B). The objective was to determine the
effect of thermal advance in organic matter nanomechanical heterogeneity across the
transitions in the ROIs. It was found that Young's modulus in the interface area gradually
increased from the original Tasmanites kerogen towards its in-situ bituminization residue.
This is attributed to thermal maturity advance which causes more labile chemical
components to expel from the Tasmanites structure, ultimately increasing its stiffness until
total conversion to expelled petroleum and residual solid bitumen is achieved. Moreover,
we interpret Young's modulus maps to show residual Tasmanites kerogen remains as
inclusions in bituminized Tasmanites (Figure 5-6, B and D) as verified with organic
petrography observations (Figure 5-5). These remnant pieces are more abundant within the
organic particle of the early mature sample (Figure 5-6, C), which introduces additional
mechanical heterogeneity in this sample compared to the ROI in the peak mature sample.
This latest observation can be verified through distribution histograms comparing these
two zones for the general range of Young’s modulus (in the range of 0-25 GPa – Eliyahu
et al., 2015) proposed for organic matter (Figure 5-6, E-F).
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Figure 5-5. Bituminized Tasmanites from Figure 5-1, B, observed at higher magnification showing relicts of fluorescent
Tasmanites (parent maceral) internal to its non-fluorescent bituminized residue.
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Figure 5-6. Nanomechanical characterization of the selected interface zone between mineral matrix, unaltered
Tasmanites relicts and bituminized Tasmanites in the ROIs from early and peak mature samples. A. Height map
(topography) of the interface in Zone ‘B’ in the early mature sample 2. B. Height map (topography) of the interface in
Zone ‘A’ in the peak mature sample 1. Relict Tasmanites is identified by higher fluorescence emission intensity under
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UV light. C. Young’s modulus map of image A. D. Young’s modulus map of image B. Modulus maps reveals Tasmanites
remnants inside bituminized Tasmanites have the same geomechanical properties as unaltered Tasmanites relicts located
in the boundary area between the two media. E. Young’s modulus distribution histogram of image C. F. Young’s modulus
distribution histogram of image D.

5.4 Conclusion
Thermal maturity can play a role in chemical and mechanical variations in organic matter.
IR spectra can represent thermal maturity as well as the heterogeneity within a single
organic matter particle, specifically when a single maceral is evolving into solid bitumen.
This information can be captured through the relationship between different IR ratios (e.g.,
aromatic and aliphatic compounds, carbonyl/carboxyl) at various stages of thermal
advance. Finally, thermal advance (from early to peak), from original maceral (here
Tasmanites) to in-situ produced solid bitumen appears to have impacted mechanical
heterogeneity due to molecular alterations in the chemical composition of the organic
matter.
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Chemical Heterogeneity of Organic
Matter at Nanoscale by AFM-based IR
Spectroscopy

Arash Abarghani, Thomas Gentzis, Mohammadreza Shokouhimehr, Bo Liu, Mehdi Ostadhassan

Abstract
This study aimed to differentiate between bacteria-algae interactions and thermal
maturation while, at the same time, shed light on the hydrocarbon generation pathways
based on chemical changes that take place at the submicron scale. Samples were taken from
the lower shale member of the Bakken Formation in Willison Basin at the early and peak
thermal maturity stages and analyzed with surface probes. Sample selection was based on
bulk geochemical screening, organic petrology and fluorescence emission of the liptinite
group macerals and solid bitumen reflectance. Submicron scale chemical heterogeneity
resulting from biodegradation and different thermal maturity pathways was documented
and compared using AFM-IR spectroscopy. A significant chemical heterogeneity was
noticed within unaltered telalginite and bacterially degraded Tasmanites, and also between
solid bitumen particles that were adjacent to the telalginite at the same stage of maturity.
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Results suggest that separate pathways of maturation took place in the neighboring solid
bitumen particles based on their nano-IR spectroscopic data. It was also found that thermal
maturity progression reduced chemical heterogeneity in the organic matter particles.
During bacterial degradation, Tasmanites lost its fluorescence emission while its relative
chemical heterogeneity increased compared to the unaltered telalginite, a feature that has
been reported at such a very fine scale of measurement.
Keywords: Bakken Shale, Thermal maturity, Organic matter heterogeneity, AFM-based Nano-IR
spectroscopy, Organic petrology

6.1 Introduction and previous studies
The boom in production from unconventional shale plays has made the characterization of
liquids- and gas-rich shales even more necessary. The heterogeneous nature of shale is an
attribute that has been studied at different measurement scales (Keym et al., 2006; Chen et
al., 2013; Tang et al., 2015; Adeleye and Akanji, 2018). However, the properties of organic
matter at the submicron or nanoscale scale are limited due to technical difficulties related
to instrumentation capabilities. Organic matter plays a critical role in increasing the degree
of heterogeneity in a shale source rock. For instance, where the organic matter is mostly
solid bitumen (SB), the overall reservoir quality could become affected (Sanei et al., 2015;
Wood et al., 2015) leading to a considerable decrease in permeability and pore throat size
(Mastalerz, 2018). Therefore, assessing the organic matter in shale at multiscale levels with
respect to physio-chemical heterogeneities will enable us to obtain a better insight into
reservoir performance (Curtis et al., 2012; Khatibi et al., 2019).
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Studies have shown that exposure to pressure and temperature controls organic matter
heterogeneity while, on the other hand, homogeneity increases with decreasing H/C and
O/C atomic ratios (Van Krevelen, 1950; Dembicki, 2016). This means that organic matter
heterogeneity should be investigated at a nanoscale level. Organic petrography is an optical
method that provides valuable information on various types of organic matter but is not
able to unravel heterogeneity and molecular variations (Hackley and Cardott, 2016).
Conventional bulk sample geochemical screening methods such as programmed pyrolysis
(Lafargue et al., 1998; Behar et al., 2001) cannot provide information on organic matter
heterogeneity either whereas electron microscopy can only detect local morphological
changes but cannot identify nanoscale variations within the organic matter (Schumacher et
al., 2005; Piani et al., 2012; Saif et al., 2017 a, b).
Understanding nanoscale heterogeneity in organic matter will help to understand specific
processes in petroleum generation, such as expulsion and migration, which require more
advanced instrumentation such as the newly introduced atomic force microscopy (AFM)
based nano-Infrared spectroscopy. Infrared spectroscopy is a chemical method which has
been used in various fields of sciences for more than seventy years, especially after 1980
when Fourier Transformation Infrared spectroscopy (FTIR) improved the signal to noise
ratio and decreased detection limits (Lis et al., 2005). This method has been established
based on different stimulation responses of various materials probed by the infrared (IR)
beam since each substance has a unique response to the IR beam. The response is based on
the absorption or transmission rate of each chemical compound because of its specific
composition and bond strength of the constituent atoms. One major application of IR
spectroscopy is the analysis of organic and inorganic chemical molecular composition and
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structure of source rocks. A number of studies have been carried out to document the
application of FTIR in organic material such as coal (e.g., Sobkowiak and Painter, 1992;
Lin and Ritz, 1993; Iglesias et al., 1995; Guo and Bustin, 1998; Painter et al., 2012),
kerogen, and individual macerals (e.g., Kuehn et al., 1982; Dyrkacz et al., 1984; Ganz and
Kalkreuth, 1987; Pandolfo et al., 1988; Schenk et al., 1990; Kister et al., 1990; Mastalerz
and Bustin, 1993; Iglesias et al., 1995; Landais, 1995; Chen et al., 1998; Guo and Bustin,
1998; Petsch et al., 2000). As a result, several IR spectral peak ratios have been defined to
characterize organic matter and its overall chemical structure.
Lin and Ritz (1993) studied individual macerals using FTIR and developed a new
parameter based on the asymmetrical stretching CH3/CH2 ratio to estimate the length of
aliphatic chains and their degree of branching. They stated that this parameter represents
organic matter oil-proneness where a low CH3/CH2 ratio infers the presence of long
aliphatic chains while a low degree of branching infers a high potential for oil production
(e.g., alginite). In contrast, a high CH3/CH2 ratio with short aliphatic chains that are highly
branched produces gas and condensate (e.g., vitrinite and resinite). Ganz and Kalkreuth
(1987) introduced ‘A’ and ‘C’ factors for kerogen typing and thermal maturity
identification. Other researchers employed various aromatic to aliphatic (or vice versa)
ratios from geologic specimens to establish the best possible configuration for comparison
with vitrinite reflectance for thermal maturity evaluation (Lis et al., 2005; Chen et al.,
2015). Lis et al. (2005) suggested that FTIR absorbance signals could explain thermal
maturity because of the strong correlation between FTIR signals and vitrinite reflectance.
They attempted to replace vitrinite reflectance (VRO, a subjective method) with an FTIR-
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based method (an objective approach) since VRO cannot evaluate thermal maturity in preSilurian aged rocks and in marine source rocks where vitrinite is absent.
In order to study natural heterogeneity of individual organic matter particles at the
submicron scale, micro-FTIR has been used in the past. However, this method suffers from
revealing chemical variations at the submicron scale because of diffraction limits (Chen et
al., 2015; Wei et al., 2016; Gasaway et al., 2017; Yang et al., 2017). In order to overcome
this limitation, Yang et al. (2017) employed the AFM-based IR spectroscopy for the first
time in Earth sciences. They quantified nano chemo-mechanical characteristics of different
types of organic matter (solid bitumen, inertinite, and Tasmanites telalginite) on artificially
matured (by hydrous pyrolysis) samples from the New Albany Shale. The AFM-based
Nano-IR technique, as employed by Yang et al. (2017), can map chemical variations at the
nanoscale level without being affected by diffraction limits. Moreover, information on
mechanical properties can be extracted from the surface contact resonance frequency
(higher frequency is an indication of stiffer materials).
The present study utilizes AFM-IR spectroscopy (Nano-IR) to characterize organic matter
heterogeneity in four individual macerals at two stages of natural thermal maturity. Peak
mature samples from the lower Bakken Shale contained solid bitumen and bituminized
Tasmanites and early mature samples contained solid bitumen, telalginite, and biodegraded
Tasmanites. These Bakken samples were selected in such a way as to demonstrate that
there is a significant level of heterogeneity not only among these macerals but also within
each individual maceral. This study is also an effort to gain a better understanding of
biodegradation of the original macerals (here alginite) and its effect on organic matter
maturation compared to the natural thermal maturation pathway based on chemical
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discrepancies seen at a very focused scale of measurement. To our knowledge, this is the
first time that such a study has been undertaken.

6.2 Geological setting
The Bakken Formation (Late Devonian - Early Mississippian) in the Williston Basin covers
North Dakota, Montana, and portions of Manitoba and Saskatchewan. The formation
consists of four members; the lower and upper members are the source rocks whereas the
middle and Pronghorn members are the reservoir rock (LeFever et al., 1991; LeFever,
2008; Bottjer et al., 2011; Johnson, 2013; Theloy et al., 2017). The Bakken Formation
source rock is an exceptional rock unit for geochemical studies since all stages of thermal
maturity (from immature to relatively post mature; Webster, 1984) can be found in one
location. Previous basin-wide detailed investigations (e.g., Webster, 1984; Barker and
Price, 1985; LeFever et al., 1991; Gentzis et al., 2017; Abarghani et al., 2018; Abarghani
et al., 2019) of shale members demonstrated that the organic matter consists mostly of
kerogen Type II and mixed II/III. The constituent macerals and organic matter are
comprised of solid bitumen, amorphous matrix bituminite (hebamorphinite and
fluoramorphinite), unicellular marine telalginite (Tasmanites, Leiosphaeridia, and
Prasinophytes), unstructured algal fragments, sporinite, acritarchs, amorphinite,
liptodetrinite, granular micrinite, macrinite, and inertinite.
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6.3 Materials and methodology
The wells used in the present study were selected carefully based on regional thermal
maturity maps (e.g., Jin and Sonnenberg, 2013). Furthermore, the three samples used in
the analyses were selected in such a way as to cover the early mature to peak oil window
range of thermal maturity. Aliquots from the lower shale member were taken from specific
depths from cores stored at the ND Geological Survey core library. A Source Rock
Analyzer (SRA) was employed for geochemical screening of bulk samples using the
Basic/Bulk-Rock method for source rocks (Behar et al., 2001). In this method, 60 mg of
ground bulk rock were heated for three minutes isothermally in a nitrogen atmosphere
(inert) in the pyrolysis oven and, then, the temperature was increased up to 650 ˚C at a rate
of 25 ˚C/min. In the next stage, organic carbon remnants from the pyrolysis stage were
combusted in an oxidation oven. Geochemical parameters such as S1 (free hydrocarbon
content), S2 (the amount of hydrocarbons produced during pyrolysis), S3 (the amount of
CO2 generated during the process), TOC (wt.% - the organic richness), Tmax (˚C - the
temperature where S2 peak reaches the highest point) were obtained (Table 6-1). The
analysis was repeated 3 times for each sample to achieve reliable results and eliminate
uncertainties. Hydrogen Index (HI=S2×100/TOC), Oxygen Index (OI=S3×100/TOC), and
Production Index (PI=S1/S1+S2, as an indicator of thermal maturity) were calculated using
the programmed pyrolysis parameters (Lafargue et al., 1998; Behar et al., 2001), which are
summarized in Table 6-1.
Whole-rock aliquots (2cm×2cm) were mounted in epoxy to prepare the blocks that were
polished according to the ISO 7404-2 (2009) standard. The pellets were examined using
incident white light and UV light under oil immersion. Solid bitumen reflectance (SBRO)
160

Chapter 6

is a measure of thermal maturity of the individually selected organic matter particles when
primary vitrinite is absent in the samples. SBRO and UV light analysis were performed
utilizing a LEICA DM 2500-P microscope with oil immersion objectives and equipped
with a J&M photometer TIDAS S MSP-200 following the TSOP/ICCP protocols (ASTM
D7708-14; 2014) and recommended procedures with a Sapphire and a YAG (YttriumAluminum-Garnet) standard of 0.589% RO and 0.904% RO, respectively. Analysis under
UV light (fluorescence) was achieved using the following filters: excitation filter BP
355/425, dichromatic mirror 455, suppression filter LP 470 size K.
Selected regions of interest on identified organic matter particles in the pellets were
analyzed by a commercial ANASYS NanoIR2-S Instrument (Nanoscale IR on < 20 nm
films) for IR acquisition and mapping. An infrared laser beam illuminated the AFM probe,
which was in contact with the surface and caused thermal expansion of the target area
detected by the fine AFM tip. This resulted in an oscillation of the AFM cantilever where
measuring the cantilever amplitude generated AFM-IR absorption spectra. IR spectra were
collected in the range of 912-1958 cm-1 and 2700-4000 cm-1 wavenumbers with the spectral
resolution of 4 cm-1. The height map (topography) and IR absorption maps at desired
wavenumbers were also collected (the fixed wavenumber of interest was 2920 cm-1). The
scan rate frequency of the tip was set at 0.2 Hz with the retrace rate of 0.5 Hz, to scan an
area of 20 × 20 μm of 256 × 256 pixels with spatial resolution < 1 μm. AFM contact mode
(Anasys Instruments, PR-EX-NIR2 model probes) was utilized with the resonance
frequency of 13 ± 4 kHz and spring constant of 0.07−0.4 N/m, while the band pass filter
was centered at ~180 kHz with 50 kHz window. After acquiring height maps, the IR spectra
were collected from the samples at specific locations of the zones of interest for chemical
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mapping. IR laser beam was optimized at 2920 cm−1, and at 1450 cm−1 and 1600 cm−1
wave numbers prior to the acquisition of each spectral data point.
The following workflow for analyzing localized IR spectra in Spectragryph (V.1.2.10;
Menges, 2018) software was used: spectra smoothing using Savitzky-Golay method
(Interval: 10; polynomial order: 3), baseline removal following adaptive method, and
finally, spectra normalizing for the purpose of eliminating the thickness of the absorbing
material effect on the IR spectral absolute intensities (Yang et al., 2017). Then, spectra
were characterized for band assignment for organic compounds through a database
available in the published literature (e.g., Lin and Ritz, 1993; Iglesias et al., 1995; Lis et
al., 2005; Chen et al., 2015; Gassaway et al., 2017). Localized IR spectra were
deconvoluted in several bandwidth intervals of 1300-1500 cm-1, 1500-1800 cm-1, and
2800-3000 cm-1 using Fityk (V.0.9.8) software following the method suggested by Lis et
al. (2005), Craddock et al. (2015) and Yang et al. (2017). This was achieved by utilizing
the Lorentzian curve functions (Levenberg–Marquardt algorithm) to attain the best
possible statistical reconstruction of the evaluated peaks from the localized IR spectra.
Restored fit peak centers generally are within a few 1/cm-1 from the local primary IR
spectrum. The 2800–3000 cm-1 bandwidth interval was deconvoluted into the following
discrete bands: symmetrical CH2 stretching (2850 cm−1), symmetrical CH3 stretching (2859
cm−1), C-H stretching (2890 cm-1), asymmetrical CH2 stretching (2919 cm−1), and
asymmetrical CH3 stretching (2958 cm-1). The 2958 and 2919 cm-1 peaks were used to
calculate the CH3/CH2 ratio and 1500-1800 cm-1 for computing the Ali/Ox ratio (Aliphatic
to oxygenated functions). The same bandwidth integrated peak areas resolved into three
distinct peaks centered at 1600, 1630 and 1710 cm−1 for calculation of the ‘A’ and ‘C’
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factors. The bandwidth of 1300–1500 cm-1 was resolved into 1370 and 1450 cm-1 (C–H
blending, aliphatic compounds) for computing IR indices while 3000-3100 cm-1
represented C–H stretching as an index of aromaticity.

Table 6-1. Organic geochemical parameters of three bulk samples from the lower Shale Member of the Bakken
Formation.

Sample
ID
1
2
3

Weight
Mg
61.0
60.7
61.0

S1
mg HC/g
6.19
10.76
6.06

S2
mg HC/g
83.26
94.24
47.74

Tmax
°C
436
437
445

S3
mg CO2/g
0.25
0.35
0.36

TOC
wt.%
14.96
17.64
15.27

HI
mg HC/g TOC
557
534
313

OI
mg CO2/g TOC
2
2
2

PI
-0.07
0.10
0.11

6.4 Results and discussion
Individual and secondary macerals, including solid bitumen, in-situ solid bitumen
(bituminized Tasmanites telalginite, and biodegraded Tasmanites) were the organic matter
particles that were identified and examined through a combination of organic petrography
and Nano-IR spectroscopy to study organic matter heterogeneity.

6.4.1 Geochemical screening and organic petrology
6.4.1.1 Peak mature sample
Sample 3 has total organic carbon (TOC) content of 15.27 wt.%, Tmax of 445 °C, HI of 313
mg HC/g TOC, and PI of 0.11 (Table 6-1). Tasmanites telalginite has dull golden-yellow
to light-orange fluorescence color under UV light, which confirms that the organic matter
is mature and in the middle stage/peak of the oil window. In this sample, two different
generations of solid bitumen were observed side-by-side (Figure 6-1, A). The larger
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particle on the left consisted of solid bitumen with mean %RO, ran of 0.38 (N=20) and did
not show any fluorescence. The smaller particle on the right is in-situ solid bitumen, which
is the product of the in-situ bituminization of the Tasmanites telalginite. In-situ conversion
of telalginite to bitumen has been documented (Mastalerz et al., 2018). During this process,
telalginite (the parent maceral) is gradually converted into bitumen in-situ without any
hydrocarbon migration. The bituminized telalginite shows fluorescence initially but the
intensity of UV emission is lost when a complete conversion of telalginite to solid bitumen
is achieved. In sample 3, bitumen still exhibited the dull golden-yellow fluorescence
(Figure 6-1, B) inherited from the parent telalginite, which suggests that bituminization of
Tasmanites had not been completed. The mean %RO, ran of the bituminized Tasmanites
was 0.29 (N=20). The %RO map of the particle on the right showed a greater variability
compared to the particle on the left (Figure 6-1, C) (Standard Deviation of 0.064 in the
bituminized Tasmanites versus 0.025 in the solid bitumen) indicating separate physiochemical pathways for each particle.
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Figure 6-1. A. Solid bitumen particles in sample 3. Two different generations of bitumen, the right one is comprised of
in-situ bituminized Tasmanites. Zones ‘A’ and ‘B’ were selected for AFM-based IR spectra measurements.
Photomicrograph was taken using a 50X oil immersion objective under white incident light. B. Same view as Figure 61, A under UV light. The bituminized Tasmanites is showing dull golden-yellow and partly light-orange fluorescence
color. C. SBRO% reflectance map for the studied particles based on 40 data points shown as black dots. The bituminized
Tasmanites shows a greater variability as a function of SBRO%.

6.4.1.2 Early mature samples
Sample 2 is less mature than Sample 3 having Tmax of 437 °C, HI of 534 mg HC/g TOC,
very low OI of 2 mg CO2/g TOC, and PI of 0.10 (Table 6-1). This confirms the early stage
of the oil window, which is also supported by the fluorescence colors of telalginite
(Tasmanites) that varied from pale greenish-yellow to golden-yellow. A solid bitumen
particle within Sample 2 (BRO ≈0.40%, N=52, and St.Dev=0.081) showing no visible
fluorescence was selected for further examination (Figure 6-2, A-B). Another sample,
Sample 1 (Figure 6-2, C), was also selected based on a combination of Tmax of 436 °C, HI
of 557 mg HC/g TOC, and PI of 0.07 (Table 6-1), which indicated early oil window. The
pale greenish-yellow to golden-yellow fluorescence colors of the telalginite in Sample 1
(Figure 6-2, D) also confirmed the early mature stage of the organic matter.
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Figure 6-2. A. Photomicrograph of solid bitumen in sample 2 under white incident light. This particle has no visible
fluorescence. Zone ‘A’ was selected for AFM-based IR spectra measurements. B. SBRO% reflectance map for the same
particle based on 52 data points shown as black dots. C. Photomicrograph of the degraded Tasmanites (telalginite) in
sample 1 based on morphology and internal reflections (the ‘peacock’ colors seen in the upper part) and a slightly grainy
texture that appears in patches within the degraded telalginite under white incident light. Note the concentration of
framboidal pyrite in the center of the particle. Zones ‘A’ and ‘B’ were selected for AFM-based IR spectra measurements.
D. Same view as Figure 6-2, C under UV light. Telalginite exhibits pale greenish-yellow to golden-yellow fluorescence
colors, suggesting early mature stage. The degraded Tasmanites does not exhibit any fluorescence probably due to the
effect of degradation. The enclosing amorphous bituminite matrix fluoresces with olive-green color.

6.4.2 AFM based Nano-IR spectroscopy
IR spectra were acquired on targeted zones of interest on the above selected individual
macerals utilizing the AFM based Nano-IR spectroscopy technique (Figure 6-1, A; Figure
6-2, A and C) in order to delineate chemical variations and reveal organic matter
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heterogeneity in nanoscale. Although organic petrology is not able to reveal the
heterogeneity of the organic matter at the nanoscale level, it still provides supporting
information to foster physio-chemical properties across the surface of the organic matter
particles (Figure 6-1, C; Figure 6-2, B).

6.4.2.1 Peak mature sample
Two zones were selected for chemical mapping in this sample (Figure 6-1, A), one
trajectory through the boundary between two macerals (Zone ‘A’, Figure 6-1, A) and
another one (Zone ‘B’, Figure 6-1, A) inside the non-fluorescing solid bitumen (Figure 6-1,
B). Several IR spectra inside a 20 × 20 µm area (Figure 6-3) were acquired in order to
investigate chemical variations inside and between these two different types and
generations of solid bitumen for comparison. AFM height maps showed relatively smooth
surfaces (roughness less than 340 nm) for both particles (Figure 6-3, A-B) while IR
absorption mapping of aliphatic C–H stretching (2920 cm−1, Figure 6-3, C-D) uncovered
chemical heterogeneity across the surveyed zones, especially for the bituminized
Tasmanites particle (Zone ‘A’, Figure 6-3, D).

167

Chapter 6

A

B

C

D

Figure 6-3. A and B. AFM height map (topography) image of zones ‘B’ and ‘A’ showing locations of individual spectral
data points labeled 1-9 inside the solid bitumen, and 1-6 at the margin part of the solid bitumen and inside the bituminized
Tasmanites. C and D. Same view as in Figure 6-3, A and B, showing IR chemical mapping of aliphatic C–H stretching
(2920 cm−1) across zones ‘B’ and ‘A’ in the solid bitumen and in the bituminized Tasmanites, respectively.
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IR spectra were collected at eleven data points on the solid bitumen surface and four points
on the bituminized Tasmanites (Figure 6-3, A- B). The most commonly used spectral ratios
were computed for further chemical interpretation of each data point (Table 6-2). The
indices include:
1. CH3/CH2 representing the C-H region, aliphatic stretching (Painter et al., 1981).
Different methods are proposed for calculating this index based on symmetrical
CH2 and CH3 stretching (e.g., 2850 and 2866 cm-1, respectively) or asymmetrical
CH2 and CH3 stretching (e.g., 2920 or 2925, and 2955 cm-1, respectively) (Painter
et al., 1985; Lin and Ritz, 1993; Liz et al, 2005). Here, we used the asymmetrical
stretching of 2958 and 2919 cm-1 for computing this ratio. A decrease in CH3/CH2
ratio represents longer and less branched aliphatic chains (Lin and Ritz, 1993).
2. Ali/Ox indices as the ratio of the aliphatic stretch (2800–3000 cm-1) to the
oxygenated functions (1500-1800 cm-1) (Hackley et al., 2017).
3. ‘A’ and ‘C’ factors (Ganz and Kalkreuth, 1987) that are defined as the ratios of
(2930 cm-1+2860 cm-1)/(2930 cm-1+2860 cm-1+1630 cm-1), and (1710 cm-1)/(1710
cm-1+1630 cm-1), respectively. These factors consider absorption peaks of aliphatic
CH2 and CH3 (at 2860 and 2930 cm-1), carboxyl and carbonyl groups (at 1710 cm1

), and aromatic C=C bonds (at 1630 cm-1). Ganz and Kalkreuth (1987) suggested

that these factors can replace the traditional Van Krevelen diagram (‘A’ as H/C,
and ‘C’ as O/C ratios) when interpreting maturity trends and kerogen types.
4. AR H3000-3100 cm-1/AL 2800-3000 cm-1, representing the ratio of the aromatic
C–H stretching to the aliphatic C–H stretching region.
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5. AR H3000-3100 cm-1/AL 1450 cm-1, CH2, and CH3 absorption bands that may also
incorporate some aromatic rings (1450 cm-1; Chen et al., 2015).
6. AR H3000-3100 cm-1/AL 1370 cm-1, CH3 and C-H bending in the methylene group
(1370 cm-1).
7. AR C1600 cm-1/AL 2800-3000 cm-1, olefinic/aromatic ring stretch (1600 cm-1,
Solomon and Carangelo, 1988; Lis et al., 2005; Chen et al., 2015).
8. AR C1600 cm-1/AL 1450 cm-1, and finally,
9. AR C1600 cm-1/AL 1370 cm-1.
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Table 6-2. The CH3/CH2, Ali/Ox, ‘A’ and ‘C’ factors, and ratios of aromatic versus aliphatic Nano-IR absorption values

A Factor

C Factor

ARH3000-3100/AL2800-3000

ARH3000-3100/AL1450

ARH3000-3100/AL1370

ARC1600/AL2800-3000

ARC1600/AL1450

ARC1600/AL1370

Solid Bitumen

SB
(Margin)

Ali/Ox

Bituminized
Tasmanites

Sample

CH3/CH2

for sample 3.

2

0.87

0.86

0.65

0.19

0.49

14.06

7.21

0.61

17.51

8.99

3

0.50

0.91

0.91

0.59

0.36

7.99

4.41

0.34

7.46

4.12

5

0.73

0.94

0.74

0.82

0.46

7.46

3.68

0.31

5.11

2.52

6

0.70

1.02

0.23

0.28

0.38

7.85

8.78

0.12

2.50

2.80

Average

0.70

0.93

0.63

0.47

0.42

9.34

6.02

0.35

8.15

4.61

St. Dev.

0.16

0.07

0.29

0.29

0.06

3.15

2.39

0.20

6.57

3.00

1

0.86

0.71

0.55

0.32

0.57

1.35

4.30

0.51

1.19

3.79

4

0.04

0.97

0.86

0.29

0.48

1.75

8.69

0.22

0.81

4.00

1

0.65

0.91

0.70

0.22

0.38

2.97

2.20

0.19

1.45

1.07

2

0.41

0.81

0.58

0.63

0.39

6.66

5.21

0.79

13.70

10.73

3

0.24

0.82

0.43

0.55

0.36

6.76

2.47

0.75

14.19

5.19

4

0.87

0.79

0.81

0.37

0.34

2.52

3.16

0.50

3.78

4.75

5

0.12

0.75

0.38

0.12

0.32

5.83

1.79

0.48

8.66

2.66

6

0.19

0.92

0.59

0.15

0.35

7.66

1.60

0.11

2.36

0.49

7

0.17

0.96

0.54

0.45

0.39

7.44

2.18

0.33

6.19

1.81

8

0.49

0.85

0.46

0.13

0.40

5.63

1.28

0.67

9.45

2.16

9

0.99

0.85

0.93

0.81

0.33

2.21

2.90

0.65

4.35

5.70

Average

0.46

0.85

0.62

0.37

0.39

4.61

3.25

0.47

6.01

3.85

St. Dev.

0.34

0.08

0.18

0.22

0.07

2.45

2.15

0.24

4.87

2.84

Spectra

Acquired spectra from the area of interest in bituminized Tasmanites (Zone ‘A’, Figure
6-3, B) disclosed a considerable heterogeneity inside the individual organic matter particle
(Appendix-1, Figure 1-A). This was specifically noticeable in the 1000-1150 cm-1 (S=O
and C-O stretching, sulfoxide, alcohols, aliphatic ethers; Painter et al., 1985; Chen et al.,
2015) and 1500-1550 cm-1 (N-O stretching, nitro compound), 2800-3000 cm-1 (C-H
stretching, aliphatic CH, CH2, and CH3; Painter et al., 1985; Solomon and Carangelo, 1988;
Chen et al., 2015) bandwidths. A major separation between spectra was discerned after
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3000 cm-1 towards 4000 cm-1. These bandwidths contain several functional groups such as:
unsaturated C-H, O-H, N-H stretching, alkene, carboxylic acid-alcohol, and primary amine
(Painter et al., 1985; Solomon and Carangelo, 1988).

Solid bitumen (Zone ‘B’, Figure 6-3, A) displayed a relatively lower degree of chemical
heterogeneity compared to the bituminized Tasmanites (Appendix-1, Figure 1-B).
However, some variations in functional groups were still detectable in the 1000-1150 cm1

, 2850-2900 cm-1, and 3000-3650 cm-1 bandwidths. In order to compare these two different

types of bitumen, spectral intensity for each bitumen was averaged and presented in Figure
6-4. The most apparent disparity between these two types of bitumen became clear at the
2800-3000 cm-1, and 3000-3100 cm-1 bandwidths representing aliphatic C-H and aromatic
C-H stretching, respectively (Lis et al., 2005). The solid bitumen exhibited a lower AR
H3000-3100 cm-1/ AL 2800-3000 cm-1 ratio (0.36 vs 0.42, respectively from the averaged
spectra, Table 6-3). Considering other aliphatic functional groups, the solid bitumen
showed higher values of integrated peak areas from AL 1450, AL 1370 cm-1 but lower
values of AL 1000-1100 (aliphatic ethers, alcohols; Painter et al., 1985) compared to the
bituminized Tasmanites. Aromatic functional groups including AR 1490 cm-1 (Painter et
al., 1985) and AR 1600 cm-1 (Solomon and Carangelo, 1988; Lis et al., 2005; Chen et al.,
2015) exhibited a higher concentration in the bituminized Tasmanites, where higher values
of AR 1600, AR 1490 and the aromaticity index (AR H3000-3100/ AL 2800-3000) were
observed compared to the solid bitumen (Table 6-3). Lis et al. (2015) advocated for AL
H2800–3000 cm-1 as the most appropriate bandwidth for quantifying aliphatic absorption.
They stated that the accuracy of absorption at AL 1450 and AL 1370 cm-1 bandwidths is
limited due to analytical errors. Furthermore, these two types of bitumen showed
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considerable variations in O-H and N-H stretching (carboxylic acid-alcohol and primary
amines, respectively) that is constituted in the 3100-3500 cm-1 bandwidths. This latest
observation unveiled another compositional difference between the solid bitumen and the
in-situ solid bitumen generated from Tasmanites telalginite.

Table 6-3. Comparison between the aliphatic and aromatic functional groups of the solid bitumen and the bituminized
Tasmanites from the averaged spectra.

Functional Group Region (cm-1) Area
AL 1370
AL 1450
AL 1000-1100
AR H3000-3100/ AL 2800-3000
AR 1490
AR 1600

Bituminized Tasmanites
10.58
3.92
43.93
0.42
57.65
61.42

Solid Bitumen
12.50
10.42
36.56
0.36
22.48
72.18

Figure 6-4. Averaged spectra for the bituminized Tasmanites and the solid bitumen, representing dissimilarity in
functional groups between two different generation of solid bitumens.
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CH3/CH2 ratio varied from 0.50 to 0.87, with a mean value of 0.70 inside the bituminized
Tasmanites. This ratio for the solid bitumen particle was calculated to range from 0.04 to
0.99 with a mean value of 0.46 (Table 6-2). This points to the presence of long aliphatic
chains and a low degree of branching in the solid bitumen particle compared to the
bituminized Tasmanites, which could lead to the generation of different type of
hydrocarbons (e.g., oil vs. gas and condensate, respectively; Lin and Ritz, 1993). Relatively
higher CH3/CH2 ratio in the bituminized Tasmanites could be due to aliphatic chains
cracking, which generally results in the increase of the CH3/CH2 ratios (Lis et al., 2005)
during the process of in-situ bituminization of Tasmanites.
Calculating ‘A’ and ‘C’ factors for these two different types of bitumen (Table 6-2)
revealed strong heterogeneity for both particles on the Ganz and Kalkreuth (1987) diagram
(Figure 6-5). While both particles have comparatively similar ‘A’ factor mean values (0.63
vs. 0.62 in bituminized Tasmanites and the solid bitumen, respectively), the solid bitumen
was found to have smaller ‘C’ factor mean value (0.37 vs. 0.47 in bituminized Tasmanites).
Almost all data points from both particles followed the evolution trend of kerogen Type I
and II (Figure 6-5). Therefore, one could postulate a parent maceral of kerogen Type I or
Type II for the solid bitumen. Factor ‘A’ is commonly used to evaluate petroleum
generation potential of source rocks (Ganz and Kalkreuth, 1987; Iglesias et al., 1995). Both
particles exhibited average values of 0.62 to 0.63 for ‘A’ factor (Table 6-2) seemingly
resulting in similar petroleum generation potential.
Ultimately, the standard deviation of all indices from each particle (Table 6-2) defined a
notable chemical heterogeneity in both organic matter particles, with relatively more
homogeneity in the solid bitumen compared to the bituminized Tasmanites. This may be
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the result of the complete conversion of the parent maceral to solid bitumen compared to
the bituminized Tasmanites, which is still undergoing in-situ bituminization. This can be
confirmed by the lack of fluorescence emission from the solid bitumen in comparison to
the bituminized Tasmanites, which exhibited a stronger fluorescence inherited from the
parent Tasmanites telalginite.

Figure 6-5. Ganz and Kalkreuth (1987) diagram for the peak mature sample’s individual macerals. Both generations of
solid bitumen are following the evolution trends of kerogen Type I and II.
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6.4.2.2 Early mature samples
Solid bitumen. Comparing the spectra from the Zone ‘A’ in the early mature sample
revealed a noticeable homogeneity compared to the peak mature sample solid bitumen
(Appendix-1, Figure 2). Generally, more heterogeneity is expected in the early mature
sample considering that organic matter that has yet to endure thermal maturity should
contain numerous variations in its chemical composition. However, the solid bitumen’s
parent maceral intrinsic natural homogeneity would produce a more homogeneous solid
bitumen in the early stages of thermal maturity compared to a late mature stage.

B

A

Figure 6-6. A. AFM height map (topography) image of zone ‘A’ showing locations of individual spectral data points
labeled 1-6 inside the early mature solid bitumen particle. B. Same view as in Figure 6-6, A, showing IR chemical
mapping of aliphatic C–H stretching (2920 cm−1) across zone ‘A’.

Major discrepancies in the spectra can be seen in the 1000-1150 cm-1 (S=O and C-O
stretching, sulfoxide, alcohols, aliphatic ethers; Painter et al., 1985; Chen et al., 2015),
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2800-2900 cm-1 (C-H stretching , aliphatic CH, CH2, and CH3; Painter et al., 1985;
Solomon and Carangelo, 1988; Chen et al., 2015), and 3200 towards 4000 cm-1 bandwidths
(including of unsaturated C-H, O-H, N-H stretching, alkene, carboxylic acid-alcohol, and
a primary amine). However, chemical mapping revealed the heterogeneity across the
observed area in this organic matter particle (Figure 6-6, B, fixed on 2920 cm-1) suggesting
a higher degree of chemical variation across the probed area.
The CH3/CH2 ratio exhibited a significant difference between the early mature solid
bitumen and the peak mature solid bitumen as discussed in the previous section (0.26 vs.
0.46, respectively). This confirms the higher potential of petroleum generation for the early
mature solid bitumen compared to the peak mature one when considering long aliphatic
chains and a low degree of branching in the early mature bitumen. Generally, the CH3/CH2
ratio initially showed an increase and then remained relatively unchanged with maturity
(Lis et al., 2005). However, the overall shape of the spectra (Appendix-1, Figure 2)
delineates a relative homogeneity in the early mature solid bitumen whereas ‘A’ and ‘C’
factors (Table 6-4) exhibited significant differences. The latter observation, along with
statistics obtained from other indices, especially the AR H3000-3100 cm-1 /AL 1370 cm-1,
AR C1600 cm-1/AL 1450 cm-1, and AR C1600 cm-1/AL 1370 cm-1 confirm a considerable
degree of heterogeneity in the early mature solid bitumen. The Ganz and Kalkreuth (1987)
diagram from this sample represents kerogen Type I and I/II evolution trends (Figure 6-11),
therefore kerogen Type I or I/II is likely the parent maceral of this bitumen.
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Table 6-4. The CH3/CH2, Ali/Ox, ‘A’ and ‘C’ factors, and ratios of aromatic versus aliphatic Nano-IR absorption values

C Factor

ARH3000-3100/AL2800-3000

ARH3000-3100/AL1450

ARH3000-3100/AL1370

ARC1600/AL2800-3000

ARC1600/AL1450

ARC1600/AL1370

1

0.69

2.03

0.75

0.29

0.30

1.87

0.75

0.36

2.23

0.89

2

0.09

2.05

0.15

0.06

0.31

5.86

1.63

0.55

10.58

2.95

3

0.24

2.15

0.74

0.18

0.27

4.71

30.78

0.55

9.47

61.85

4

0.43

2.13

0.57

0.15

0.30

2.50

8.89

0.55

4.55

16.14

5

0.08

2.20

0.74

0.10

0.30

5.31

3.15

0.59

10.59

6.30

6

0.04

2.25

0.87

0.61

0.31

3.54

9.77

0.09

1.10

3.03

Average

0.26

2.14

0.64

0.23

0.30

3.97

9.16

0.45

6.42

15.19

St. Dev.

0.25

0.08

0.25

0.20

0.01

1.59

11.24

0.19

4.32

23.49

Spectra

CH3/CH2

A Factor

Solid Bitumen

Sample

Ali/Ox

for sample 2.

Telalginite and degraded Tasmanites. Zone ‘A’ was selected to examine telalginite
(Figure 6-7, A) based on its yellow to golden-yellow color fluorescence excitation under
UV light in comparison to Zone ‘B’ which was identified as bacterial degraded Tasmanites
telalginite. The interaction of algae with bacteria is widespread in marine waters and is
more pronounced during algal bloom periods (Round, 1981; Paerl, 1982; Stasiuk, 1993).
Degradation of phytoplankton, particularly during periods of algal bloom, is a complex
process that involves two separate steps, cell lysis and bacterial degradation (Stasiuk,
1993). Cell lysis results in the degradation of telalginite and in the formation of so-called
algal ‘ghosts’ (Stasiuk, 1993). This step can be explained as follows: unicellular green algae
such as Tasmanites and Leiosphaeridia incorporate oil globules as flotation devices
(Round, 1981). During algal bloom periods, alternating quiescent and turbulent conditions
cause the phytoplankton to ‘over-float’ close to the surface or on the water surface. As a
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result, phytoplankton is subjected to photo-oxidation of pigments and cells and to severe
degradation as a result of intense solar radiation, oxygen oversaturation, and inability to fix
nitrogen or photosynthesize (Fay, 1983). The green sulfur phototrophic bacteria
Chlorobiaceae that lived in the water column during the deposition of the Bakken Shale,
in the photic zone but below the thermocline of the anoxic (euxinic) zone, acted as primary
organic matter producers while anaerobic Bacterivirous Ciliates acted as decomposers
(Bend et al., 2015). Degradation of kerogen took place within the stratified water column
and led to the formation of bituminite Type III, an amorphous sieve-like, micro-laminated,
slightly granular-textured, and non-fluorescing kerogen found within the Upper and Lower
Bakken Shale (Stasiuk, 1993; Bend et al., 2015; Abarghani et al., 2018). Processes such as
cell lysis, photo-oxidation, and microbial degradation of algal blooms were very important
in the accumulation of high concentrations of organic matter in the Bakken Shale, which
occasionally reaches up to 25 wt. % TOC. Notable concentration of framboidal pyrite in
the studied samples (especially at the center of the investigated particle, Figure 6-2, C)
points to bacterial activity and bacterial degradation of organic matter under anoxic/euxinic
conditions (e.g., Love and Murray, 1963; Raiswell, 1982; Folk, 2005; Sanei et al., 2015).
The presence of anoxic/euxinic conditions in the Bakken Shale depositional environment
has been verified (e.g., Webster, 1984; Holland Jr et al., 1987; Egenhoff and Fishman,
2010; Steptoe and Carr, 2011; Abarghani et al., 2018) whereby the bacterial sulfate
reduction activity led to the precipitation of pyrite framboids (Berner, 1984; Berner and
Raiswell, 1983; Sanei et al., 2015).
An objective of the present study was to understand whether chemical variation in organic
matter due to bacterial degradation would differ from natural thermal maturation. IR
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spectra across zone ‘A’ on the telalginite body unveiled the highest heterogeneity observed
in organic matter examined in this study (Appendix-1, Figure 3-A). This variability in the
spectra can be seen in almost all bandwidths, particularly between 912 to 1400 cm-1 and
2850-4000 cm-1. The IR chemical mapping of the telalginite surface (Figure 6-7, B) fixed
on 2920 cm-1 also revealed another level of variability in the chemical composition of this
particle. This became even more important when compared to the early mature solid
bitumen IR chemical map (Figure 6-6, B). Although particular telalginite subspecies are
assumed to be chemically homogeneous (e.g., Botryococcus, or Gleocapsomorpha Prisca;
Engel and Macko, 2013), one could presume that the natural chemical composition within
the internal structure of the Tasmanites telalginite at the immature and early mature stages
caused such heterogeneity. This variation in the spectral maxima due to intra-Tasmanites
chemical heterogeneity has been discussed in other studies conducted using micro-FTIR
and elemental analysis (Hackley and Kus, 2015; Hackley et al., 2017). Physico-chemical
heterogeneity in the earlier stages of thermal maturity originates from variability in
chemical compounds in the organic matter, which is reflected in the IR spectra. This can
be attributed to the progression of thermal maturity, which causes less-resistant chemical
components to be expelled from the telalginite structure in the upper stages of the oil
window. Ultimately, this makes the maceral relatively more homogeneous before it is
completely converted into hydrocarbons.
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A

B

C

D

Figure 6-7. A. AFM height map (topography) image of zones ‘A’ of telalginite maceral representing a wide variation in
this maceral relief compared to other studied macerals. B. Same view as in Figure 6-7, A, showing IR chemical mapping
of aliphatic C–H stretching (2920 cm−1) across zone ‘A’ and representing a high degree of variation in the surveyed
surface’s chemical composition. C. AFM height map (topography) image of zone ‘B’ of the degraded Tasmanites. The
remnants of the parent Tasmanites are exhibiting greater heights compared to the rest of the degraded matrix. D. The
same view as in Figure 6-7, C, showing IR chemical mapping of aliphatic C–H stretching (2920 cm−1) across zone ‘B’
in the degraded Tasmanites. The parent maceral’s remnants are clearly recognizable in the chemical map as dark brown
spots.

181

Chapter 6

IR spectra across zone ‘B’ in the degraded Tasmanites (Appendix-1, Figure 3-B) also
suggests a high degree of heterogeneity on the organic matter surface where the variability
in spectra is visible almost in all bandwidths with less variation in their intensity compared
to telalginite. The AFM height map (Figure 6-7, C) and the IR chemical map (fixed on
2920 cm-1, Figure 6-7, D) explicitly revealed the remnants of the parent Tasmanites
maceral. Averaging the absorption of the spectra from all data points acquired from the
parent maceral relicts (data points 2, 5, 8, and 10; Figure 6-7, C) demonstrated very similar
characteristics of the telalginite averaged spectra relating these two macerals to one
another. The considerable match of the resulting spectra from each individual maceral
confirmed the conversion of the parent maceral during degradation instead of a thermal
maturation whereby an alteration in the chemical composition of the morphing organic
matter would be highly anticipated (Figure 6-8).

Figure 6-8. Averaged spectra extracted from the unaltered telalginite and the remnants of the parent Tasmanites inside
the degraded matrix.
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Both regions of interest exhibited a high degree of heterogeneity with additional intensity
in the spectra of telalginite. This is particularly visible in the 950-1200 cm-1 (S=O and CO stretching, sulfoxide, alcohols, aliphatic ethers; Painter et al., 1985; Chen et al., 2015),
1500-1650 cm-1 (N-O stretching, nitro compound), 2800-3000 cm-1 bandwidths (C-H
stretching, aliphatic CH, CH2, and CH3; Painter et al., 1985; Solomon and Carangelo, 1988;
Chen et al., 2015) in the telalginite. Both particles exhibited a large degree of fluctuation
in the spectra, notably after 3000 towards 4000 cm-1 bandwidths (unsaturated C-H, O-H,
N-H stretching, alkene, carboxylic acid-alcohol, and primary amine; Painter et al., 1985;
Solomon and Carangelo, 1988).
Averaged spectra for the telalginite and the degraded Tasmanites were produced to better
outline the impact of the degradation process on chemical compounds and functional group
alteration in the parent Tasmanites telalginite (Figure 6-9). The most important changes
that degradation imposed on the parent Tasmanites telalginite were found in the following
bandwidths of the averaged spectra (Figure 6-9): fluctuation in the 920-1100 cm-1 (aliphatic
ethers, alcohols; Painter et al., 1985; Chen et al., 2015), and then 1200-1400 cm-1
bandwidths (asym. C-O stretch, O–H bend, and ethers; Painter et al., 1985; Solomon and
Carangelo, 1988; Lin and Ritz, 1993) where telalginite exhibited higher peak intensities,
also in the 1470-1600 cm-1 bandwidth (aromatic ring stretch, carboxyl group; Painter et al.,
1985; Chen et al., 2015) where the degraded Tasmanites showed significantly higher
intensities in relevant peaks. Furthermore, the 2800-3000 cm-1 (aliphatic C–H stretching
region; Painter et al., 1985; Solomon and Carangelo, 1988; Lin and Ritz, 1993) was
different in each maceral whereby the biodegraded Tasmanites exhibited slightly higher
intensities in the peaks from this bandwidth. Additionally, 3000-3580 cm-1 (aromatic C–H
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stretching,

and also other functional groups including unsaturated C-H, O-H, N-H

stretching, alkene, carboxylic acid-alcohol, and primary amine; Painter et al., 1985;
Solomon and Carangelo, 1988, Chen et al., 2015) differed remarkably; hence, the
biodegraded Tasmanites represented a continuously higher intensity in the spectra
compared to telalginite. Finally, in the 3580-3680 cm-1 bandwidth (O-H stretching,
alcohol) telalginite showed higher peak intensity.

Figure 6-9. Averaged spectra for the unaltered telalginite and the degraded Tasmanites, representing dissimilarity in
functional groups between two macerals.

Naturally, telalginite has a relatively lower CH3/CH2 ratio compared to other macerals due
to the presence of long and unbranched aliphatic structures in its chemical structure (Lin
and Ritz, 1993; Lis et al., 2005; Yang et al., 2017). However, this ratio was found to be
smaller in zone ‘B’ (bacterially degraded Tasmanites) compared to zone ‘A’ (telalginite).
This infers a higher amount of initial CH3/CH2 ratio in the parent Tasmanites maceral
compared to telalginite. Dissimilarities can also be observed in the ratio of AR H30003100 cm-1/AL 2800-3000 cm-1 (0.37 vs 0.28 in degraded Tasmanites and telalginite,
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respectively) showing an increase in aromatic compounds of the parent maceral (i.e.,
Tasmanites telalginite) during degradation. ‘A’ factor interval of the telalginite (Table 6-5)
was found to be larger compared to the biodegraded Tasmanites (Figure 6-11) and mostly
followed the kerogen Type I evolution trend. As discussed earlier, factor ‘A’ represents the
source rock petroleum generation potential; therefore, based on ‘A’, heterogeneity in the
chemical structure of telalginite at the nanoscale can be concluded, pointing to a different
petroleum generation potential. Moreover, factor ‘A’ showed fewer variations in the
biodegraded Tasmanites (Table 6-5), which is another indication of the higher level of
nanoscale homogeneity. Ultimately, the ‘C’ factor of telalginite was found to have less
variability compared to the biodegraded Tasmanites (Standard Deviation of 0.12 vs 0.20
for telalginite and biodegraded Tasmanites, respectively).
Except for the Ali/Ox ratio, ‘A’ factor, and AR H3000-3100 cm-1/AL 2800-3000 cm-1
indices with a higher standard deviation values in the telalginite (Table 6-5), all other
indices in these zones including ‘C’ factor, AL H3000-3100 cm-1/AL 1450 cm-1, AR
H3000-3100 cm-1/AL 1370 cm-1, AR C1600 cm-1/AL 2800-3000 cm-1, AR C1600 cm-1/AL
1450 cm-1, and AR C1600 cm-1/AL 1450 cm-1 denoted higher Standard Deviation in the
biodegraded Tasmanites compared to the telalginite, which also reflects a higher degree of
heterogeneity.
T-test, as one of the most frequently statistical methods to verify differences between two
populations of datasets, was performed on the indices from the unaltered telalginite and
biodegraded Tasmanites. Calculated ‘T’ and ‘P’ values (Figure 6-10) point out to
discrepancies in the results between the two particles. It should be noted that larger t-value
(positive or negative) is evidence against the null hypothesis (similar data sets). Therefore,
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a combination of higher t-values and lower p-values could reject the null hypothesis and
confirm that there is a statistically significant dissimilarity between these two datasets
collected from these two separate particles. This is true for most indices, especially ‘C’
factor and AR H3000-3100 cm-1/AL 2800-3000 cm-1 (Figure 6-10, D-E) where a
combination of high t-value and the low p-value was calculated. The interpretation of this
statistical analysis is that chemical variation resulting from biodegradation should differ
from natural thermal maturation, which entices further studies.
Collectively, the comparison of the results confirmed that a considerable chemical
heterogeneity exists on the surface of the biodegraded Tasmanites, where the degradation
process meaningfully enhanced heterogeneity in the final product compared to the parent
maceral. This was also validated by the Ganz and Kalkreuth (1987) diagram where data
points from the biodegraded Tasmanites were scattered between kerogen Type I/II to II/III
due to the larger ‘C’ factor interval (Figure 6-11). Therefore, a higher heterogeneity
compared to telalginite is presumed.
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Table 6-5. The CH3/CH2, Ali/Ox, ‘A’ and ‘C’ factors, and ratios of aromatic versus aliphatic Nano-IR absorption values

Ali/Ox

A Factor

C Factor

ARH3000-3100/AL2800-3000

ARH3000-3100/AL1450

ARH3000-3100/AL1370

ARC1600/AL2800-3000

ARC1600/AL1450

ARC1600/AL1370

Degraded Tasmanites

Unaltered Telalginite

Sample

CH3/CH2

for sample 1.

1

0.74

0.83

0.56

0.12

0.26

6.14

2.25

0.72

16.82

6.16

2

0.66

0.79

0.82

0.17

0.34

4.61

6.35

0.63

8.60

11.84

3

0.95

0.81

0.34

0.04

0.28

8.32

2.66

0.56

16.45

5.26

4

0.48

0.72

0.73

0.45

0.29

4.41

1.46

0.43

6.46

2.13

5

0.65

0.82

0.56

0.08

0.32

3.66

1.97

0.09

1.00

0.54

6

0.59

0.51

0.30

0.07

0.17

1.96

0.67

0.12

1.36

0.46

7

0.41

0.86

0.36

0.08

0.21

5.74

1.80

0.42

11.61

3.63

8

0.87

0.78

0.59

0.07

0.21

6.97

1.13

0.20

6.38

1.03

9

0.24

0.88

0.48

0.08

0.23

6.55

1.16

0.15

4.22

0.75

10

0.15

0.87

0.31

0.20

0.37

12.67

5.07

0.18

6.29

2.52

11

0.12

1.18

0.32

0.08

0.34

7.40

2.50

0.07

1.43

0.48

Average

0.53

0.82

0.49

0.13

0.28

6.22

2.46

0.32

7.33

3.16

St. Dev.

0.28

0.16

0.18

0.12

0.06

2.81

1.74

0.24

5.62

3.49

1

0.61

0.79

0.35

0.09

0.37

4.72

3.44

0.33

4.11

2.99

2

0.51

0.78

0.37

0.06

0.33

5.50

2.47

0.52

8.70

3.90

3

0.20

0.90

0.63

0.18

0.46

17.24

5.61

0.69

25.86

8.42

4

0.17

0.82

0.77

0.24

0.34

16.73

0.90

0.15

7.19

0.39

5

0.49

0.82

0.70

0.16

0.31

8.78

6.08

0.56

15.91

11.02

6

0.80

0.70

0.55

0.35

0.44

8.82

5.84

0.11

2.29

1.52

7

0.96

0.87

0.45

0.16

0.39

10.97

2.66

0.09

2.57

0.62

8

0.45

0.81

0.70

0.63

0.33

7.60

1.77

0.64

14.75

3.44

9

0.20

0.76

0.57

0.59

0.39

6.45

8.26

0.88

14.62

18.73

10

0.14

0.86

0.37

0.28

0.37

4.58

2.22

0.69

8.56

4.15

Average

0.45

0.81

0.55

0.27

0.37

9.14

3.92

0.47

10.46

5.52

St. Dev.

0.28

0.06

0.15

0.20

0.05

4.59

2.37

0.28

7.37

5.72

Spectra
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Figure 6-10. T-test results of studied indices, representing discrepancies between unaltered telalginite and biodegraded
Tasmanites from a statistical point of view. The dissimilarity becomes significantly considerable in Figures D and E.

Figure 6-11. Ganz and Kalkreuth (1987) diagram for the early mature samples’ individual macerals. Almost all data
points are following the evolution trends of kerogen Type I and II. Solid bitumen exhibits the widest range in ‘A’ factor
compared to the degraded Tasmanites and telalginite. Wide range of ‘C’ factor exhibited by degraded Tasmanites
confirms the higher degree of heterogeneity in the particle compared to telalginite.
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6.5 Conclusion
Organic matter particles at two different levels of natural thermal maturity were examined
to reveal their chemical heterogeneity at the nanoscale level. Organic petrology provided
valuable information on organic matter concentration and variation (telalginite, solid
bitumen) but could not delineate the heterogeneity at the nanoscale. However, reflectance
map across the solid bitumen specimens could point out the degree of heterogeneity based
on physio-chemical properties. Acquired AFM-based Nano-IR spectra from specific
regions of interest demonstrated a significant chemical heterogeneity at the nanoscale. At
the same level of thermal maturity in a single sample specimen, two adjacent solid bitumen
particles showed significant chemical variations, confirming the presence of separate
maturity pathways originating from different parent macerals. Comparing the bacterially
degraded Tasmanites with the neighboring unaltered telalginite revealed the role of
bacterial degradation in the maturity trend of the original Tasmanites whereby the parent
Tasmanites has lost its original fluorescence emission. Collectively, the process led to an
increase in chemical heterogeneity. Chemical heterogeneity is a natural characteristic of
organic matter even at the submicron level unless homogeneity is a natural characteristic
in certain types of algal species.
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Conclusion

7.1 Basin scale
In this dissertation, samples from the shale members of the Bakken Formation retrieved
from fourteen different wells and corresponding depths and thermal maturity levels were
studied in order to characterize the organic matter. This study was carried out by a
combination of analytical techniques including AFM-IR spectroscopy, NMR spectroscopy,
Rock-Eval 6 pyrolysis, X-ray fluorescence, vitrinite reflection and organic petrography.
First and foremost, pyrolysis results showed that the Bakken Formation has a very high
TOC, as a result of the Kellwasser oceanic anoxic event (Latest Frasnian) that led to the
accumulation of considerable amounts of organic matter in the shale formations deposited
at that time period. The oil-prone marine Type II kerogen becoming the most abundant
organic matter type in the Bakken with minor contributions from kerogen Type III and IV
and bitumen along the shallower margins of the eastern flank of the basin in North Dakota.
In order to identify the Bakken organofacies based on Jones (1987), BP (Pepper and Corvi,
1995), and Tyson (1995) models, present-day values of HI were restored to original values
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via two different approaches: calculated using mathematical modeling (HIO-Calculated) and
visual kerogen assessment (VKA) analysis, which is an empirical method. The VKA
method underestimated the HIO by about 125 mg HC/g TOC while the two mathematical
models and the Rock-Eval pyrolysis are in very good agreement with each other and are
considered to be closer to the true HIO of the Bakken in the study area. The models show
that all the samples studied represent organofacies ‘B’. Detailed organic petrography
indicated that, the solid bitumen, amorphous matrix bituminite, granular bitumen, alginite,
and liptodetrinite are the most abundant macerals in the mature samples and solid bitumen,
Prasinophyte (blue-green) alginite, unicellular marine alginite (Tasmanites), sporinite,
granular micrinite, amorphinite, liptinite are present in the immature Bakken samples
studied. These results confirm that organofacies ‘B’ is the most likely predominant
organofacies in the Bakken source rock.
An equation specific to the Bakken to relate thermal maturity from programmed pyrolysis
to optical methods was developed. For this purpose, the Bakken Formation Shale members
were investigated for thermal maturity trends using extensive organic petrography,
bitumen reflectance and Rock-Eval pyrolysis derived Tmax analysis. Organic petrography
results showed that various types of bitumen with different optical properties. In the
scarcity/absence of primary vitrinite, the various bitumen types were examined, and the
appropriate bitumen population was selected for BRO% measurements. The measured
BRO% values then were converted to vitrinite reflectance equivalent (VRO-Eq%) using Liu
et al. (2017) equation. When comparing the Bakken Shale members’ proposed linear trend
with that of the Barnett and the Duvernay shales, major differences were observed.
Although each member of the Bakken represents variations in organic matter type and
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concentrations, both members display very similar geochemical variations. This made us
accept to define the same conversion equation for both members. However, the Bakken
Shale’s conversion SLR equation was developed with a high degree of confidence, it is
believed that unless kinetics of kerogen conversion and underlying chemistry that define
the relationship between Tmax and TR through thermal advance is considered, such models
cannot be accurate. Thus, to better satisfy these conditions a non-linear model, which also
presented a better fit to the data, was proposed specific for the Bakken Shale.
Four different thermal maturity indices including programmed pyrolysis derived Tmax,
liptinite group maceral UV fluorescence, solid bitumen reflectance, and NMR
spectroscopy were utilized in order to study the effects of maturity variation on the
concentration of redox-sensitive trace metals. Comparing TMs concentration with TOC
contents indicated the presence of anoxic/euxinic conditions in the depositional
environment of the Bakken Shale. The concentration of TMs vs. some direct indicators of
thermal maturity (solid bitumen reflectance and Tmax) was found to better represent such
variations for specific TMs compared to indirect maturity indices (NMR signal amplitude).
In this regard, Mo, V, and Ni concentration variations, relatively exhibited a stronger
relationship with maturity indices compared to Cu, Zn, and Cr.
Overall, a positive to neutral correlation was detected between the enrichment of TMs with
all thermal maturity indices for all redox-sensitive trace metals. This means that thermal
maturity could have an important role in redox-sensitive trace metals concentration in
source rocks.
It appears that, releasing sulfur from the organic matter with thermal maturity could
provide sulfur as a source of thermogenic H2S, which would accelerate the chemical
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reactions necessary for the additional concentration of TMs or form authigenic Fe-sulfides
later as a result of the capability of up-taking most of the trace metals and increasing their
concentration in the pore water. Among the utilized thermal maturity indicators, the
programmed pyrolysis derived Tmax had the most direct relationship with all studied TMs,
which supports the notion of thermal maturity increase on TMs enrichment in source rocks.

7.2 Fine scale
Thermal maturity can play a role in chemical and mechanical variations in organic matter.
IR spectra can represent thermal maturity as well as the heterogeneity within a single
organic matter particle, specifically when a single maceral is evolving into solid bitumen.
This information can be captured through the relationship between different IR ratios (e.g.,
aromatic and aliphatic compounds, carbonyl/carboxyl) at various stages of thermal
advance. Thermal advance (from early to peak), from original maceral (here Tasmanites)
to in-situ produced solid bitumen appears to have impacted mechanical heterogeneity due
to molecular alterations in the chemical composition of the organic matter.
Organic petrology provided valuable information from the organic matter, their
concentration, and variations but was incapable of delineating the heterogeneity in the
nanoscale. However, reflectance map across the solid bitumen specimens could point out
some degrees of heterogeneity from the physio-chemical properties. Acquired AFM-based
Nano-IR spectra from specific ROIs on selected organic matters demonstrated a significant
chemical heterogeneity at the nanoscale. At the same level of thermal maturity in a single
sample specimen, two adjacent solid bitumens were presenting significant chemical
variations confirming separate maturity pathways originating from different parent
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maceral. Comparing the bacterially degraded Tasmanites with the neighboring unaltered
telalginite, exposed the role of bacterial degradation in maturity trend of the original
Tasmanites where during the degradation process, the parent Tasmanites has lost its
original fluorescence emission. Collectively the process led to an increase in chemical
heterogeneity. Final conclusion would be that chemical heterogeneity is a natural
characteristic of organic matter even at the submicron unless the homogeneity is a natural
characteristic in some certain type of flora or fauna species.

7.3 Recommendations for the future studies
Very limited organic petrology and organic matter characterization of the Bakken Shale
have been done especially on the US side of the Williston Basin. Considering the recent
years' boom of the unconventional resources including the Bakken, it is necessary to carry
out detailed organic matter characterization utilizing a combination of traditional (e.g.,
optical microscopy, pyrolysis, x-ray diffraction, and fluorescence) with more advanced
(e.g., AFM-based nano-IR) methods. This will clarify, OM distribution across the basin,
the mechanism of thermal maturity, an accurate estimation of the reserve, a better
explanation of hydrocarbon generation, expulsion, and migration processes at different
scales of measurements.
This study can be expanded through an extensive and systematic sampling from different
trends, both laterally and vertically, for a clearer image of chemical properties through gas
chromatography, biomarkers distribution, extensive trace elements, and stable isotope
investigations. By adding detailed organic petrography that identifies and explains various
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macerals and especially different generations and populations of the solid bitumen, vivid
picture of depositional environment and migration pathways for hydrocarbons in the
Bakken Formation can be achieved. Ultimately, these studies will lead to reveal the Bakken
capacities, trends, and distributions as a source rock for more accurate reserve estimation.
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Appendix-1. Supplementary figures for IR spectra

Figure 1. A. Nano-IR spectra of Zone 'A' (Sample 3, Chapter 6); numbers correspond to
data point locations in Figure 6-3, B in the text. Spectra 1 and 4 belong to the margin part
of the solid bitumen. Considerable heterogeneity is represented by the acquired IR
absorption spectra. B. Nano-IR spectra of Zone 'B'; numbers correspond to data point
locations in Figure 6-3, A in the text.
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Figure 2. Nano-IR spectra of zone 'A' in the early mature solid bitumen (Sample 2, Chapter
6). Numbers correspond to data point locations in Figure 6-6, A in the text.
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Figure 3. A. Nano-IR spectra of Zone 'A' (Sample 1, Chapter 6); numbers correspond to
data point locations in Figure 6-7, A in the text. Considerable heterogeneity is represented
by the acquired IR absorption spectra. B. Nano-IR spectra of Zone 'B'; numbers correspond
to data point locations in Figure 6-7, C in the text.
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